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I.     Introduction. 

1.  Scope  of  Bulletin. — Tests  of  reinforced  concrete  beams 
made  in  various  laboratories  have  provided  a  considerable  fund  of 
information  bearing  on  the  part  played  by  the  tensile  resistance 
of  the  longitudinal  reinforcement  and  the  compressive  resistance 
of  the  concrete.  The  data  on  resistance  to  web  stresses  are  less 
definite  and  less  complete.  In  beams  having  a  depth  relatively 
large  in  comparison  with  their  length,  the  resistance  to  web 
stresses  becomes  very  important,  and  diagonal  tension  and  bond 
stresses  may  control  the  strength  of  the  beam.  It  was  with  a 
view  of  obtaining  further  information  on  web  stresses  and  on  the 
part  taken  by  concrete,  bent  reinforcement,  and  stirrups  in  resist- 
ing web  stresses  that  these  series  of  tests  were  undertaken. 

The  tests  were  carried  on  during  the  years  1906-7  and  1907-8. 
Tests  were  made  on  (1)  beams  without  web  reinforcement,  (2) 
beams  with  reinforcing  bars  bent  up  in  various  ways  along  the 
outer  thirds  of  their  length,  and  (3)  beams  with  vertical  U-shaped 
stirrups.  Four  span  lengths  were  used.  Various  amounts  of 
longitudinal  reinforcement  from  1  %  to  2.2  °/c  were  used.  Tests 
were  made  with  concrete  at  different  ages  with  a  view  of 
determining  the  effect  of  early  removal  of  forms.  Six  mix- 
tures of  concrete  were  used,  ranging  from  very  lean  to  very 
rich.  Compression  tests  of  cubes  and  cross-bending  tests  of  small 
concrete  beams,  called  here  control  beams,  were  made  with  a  view 
of  determining  whether  a  relation  between  the  strength  of  the 
reinforced  concrete  beams  and  the  control  pieces  might  be  found 
which  would  be  useful  as  a  control  test  in  building  construction. 
117  beams  were  made  in  1907  and  71  beams  in  1908.  106  of  these 
were  without  web  reinforcement,  27  had  the  reinforcing  bars  bent 
up  in  one  form  or  another,  and  55  had  stirrups  for  the  web  rein- 
forcement. It  was  found  impossible  to  carry  out  the  tests  exactly 
as  planned,  and  the  data  of  the  tests  do  not  furnish  a  basis  for 
as  definite  conclusions  as  had  been  hoped.  However,  the  tests 
throw  light  on  the  phenomena  of  web  resistance  and  the  results 
have  a  bearing  on  the  principles  of  design.  Reference  may  also 
be  made  to  the  values  of  web  resistance  reported  in  Bulletins  No. 
4  and  No.  14. 
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2.  Acknowledgment. — The  investigations  were  made  in  the 
Laboratory  of  Applied  Mechanics  of  the  University  of  Illinois 
as  a  part  of  the  work  of  the  University  of  Illinois  Engineering 
Experiment  Station.  Much  of  the  work  of  making  the  tests  of 
the  beams  was  done  as  thesis  work  by  senior  students  in  civil 
engineering.  The  following  list  gives  the  names  of  the  students 
engaged  in  this  work.  They  are  entitled  to  credit  for  the  care, 
skill,  and  interest  which  they  showed  in  the  work,  as  well  as  for 
the  suggestive  way  in  which  they  discussed  the  results. 

Tests  of  Reinforced  Concrete  Beams. 
Series  of  1907. 

Chester  A.  Foreman,  Carl  James,  Leon  B.  Kinsey.  Resist- 
ance to  web  stresses. 

Frank  Howard  Reynolds.     Effect  of  storage  and  consistency. 

Francis  Cyrus  Bagby,  Augustus  Bacon  Casey.  Modulus  of 
elasticity  for  various  mixtures. 

Edwin  Walker  Buxton.  Effect  of  bending  and  anchoring 
reinforcing  bars. 

William  Hadden  Richardson.     Flexural  strength  of  concrete. 

Series  of  1908. 

Raymond  Clark  Pierce,  Hiram  James  Powers,  Robert  Milton 
Van  Petten.     Resistance  to  web  stresses. 

Arthur  Linn  Bear,  Samuel  Charles  Campbell.  Modulus  of 
elasticity  for  various  ages  and  mixtures. 

Otto  Arthur  Dicke.     Tests  of  flexural  strength  of  concrete. 

The  immediate  supervision  of  the  work  of  making  the  beams 
and  of  the  work  of  conducting  the  tests  was  given  by  D.  A. 
Abrams,  Associate  in  the  Engineering  Experiment  Station. 
Acknowledgment  is  also  made  to  H.  E.  Murdock,  Instructor  in 
Theoretical  and  Applied  Mechanics,  for  assistance  in  the  prepara- 
tion of  this  bulletin. 

3.  Classification  of  Stresses. — A  brief  statement  of  the  methods 
of  analysis  and  of  the  formulas  used  in  the  calculations  and  dis- 
cussions given  in  this  bulletin,  so  far  as  is  necessary  to  make 
clear  the  matter  presented,  is  given  in  the  following  pages.  This 
presentation  necessarily  must  be  incomplete,  and  some  of  the 
statements  made  are  given  tentatively  and  are  to  be  taken  with 
limitations.  In  the  discussion  freedom  from  end  restraint  of  any 
kind  is  always  assumed,  and  in  the  tests  care  was  exercised  to 
secure  the  same  condition. 
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In  the  analysis  of  beam  action,  two  classes  of  stresses  are 
considered;  (1)  the  horizontal  or  longitudinal  component  stresses 
(tension  and  compression)  which  are  used  in  the  calculation  of 
the  resisting  moment  of  the  section,  and  (2)  diagonal,  vertical, 
and  horizontal  stresses,  like  shear  and  diagonal  tension  and  dia- 
gonal compression,  which  constitute  what  are  frequently  termed 
web  stresses.  The  first  named  stresses  and  the  resisting  moment 
resulting  therefrom  in  many  cases  measure  the  ability  of  the 
beam  to  carry  the  required  load.  With  reinforced  concrete  beams, 
however,  the  second  type  of  stresses  under  conditions  which  are 
not  unusual,  may  be  the  limiting  element  in  the  strength  of  the 
beam,  and  the  resistance  to  such  stresses  therefore  constitutes  an 
important  feature  of  a  well  designed  beam.  These  web  stresses 
may  include  bond  stress  (resistance  to  slip  of  reinforcing  bar  in 
the  concrete),  shearing  stresses  in  various  directions,  and  tensile 
stresses  and  compressive  stresses  in  directions  other  than  that 
parallel  to  the  axis  of  the  beam.  The  calculation  of  the  amount 
and  distribution  of  the  web  stresses  is  complicated,  and  for  use  in 
design  it  will  be  convenient  to  use  certain  assumptions  and 
approximations.  The  discussion  will  be  made  under  three  heads: 
(1)  Beams  without  Web  Reinforcement.  (2)  Beams  with  Bars  Bent 
Up,  and  (3)  Beams  with  Stirrups. 

4.  Notation. — The  following  notation  will  be  used.  Refer- 
ence may  also  be  made  to  Fig.  1. 

b  =  breadth  of  rectangular  beam. 

d  =  distance  from  the  compression  face  to  the  center  of  the 
metal  reinforcement. 

A  —  area  of  cross  section  of  longitudinal  reinforcement. 

p  —  —  —  ratio  of  area  of  metal  reinforcement  to  area  of  con- 

bcl 

Crete  above  center  of  reinforcement, 
o  =  circumference  or  periphery  of  one  reinforcing  bar. 
m  =  number  of  reinforcing  bars. 
Es—  modulus  of  elasticity  of  steel. 
Ec—  initial  modulus  of  elasticity  of  concrete  in  compression. 

n  —  —  =  ratio  of  two  moduli. 

f  —  tensile  stress  per  unit  of  area  in  metal  reinforcement, 
c  =  compressive  stress  per  unit  of  area  in  most  remote  fiber 
of  concrete. 
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d'  =  distance  from  the  center  of  the  reinforcement  to  center 

of  gravity  of  compressive  stresses. 
j  —  ratio  d'  to  d.     d'  =  jd. 

Sl=  summation  of  horizontal  compressive  stresses. 
M  =  resisting  moment  at  the  given  section. 
s  =  horizontal  tensile  stress  per  unit  of  area  in  the  concrete. 

b *i  r*-<r* 


ZXp/ff 


Defor-  Tens  ion 
Sec  f  ion       motion       and 

Compression 


—  J WWWK staffs 


(o) 


Horizontal  Shearing  5 tress 
Fig.  1.    Distribution  op  Stresses  over  Cross-section  of  Beam. 

t  =  diagonal  tensile  stress  per  unit  of  area  in  the  concrete. 

u  =  bond  stress  per  unit  of  area  on  the  surface  of  the  rein- 
forcing bars. 

v  =  vertical  shearing  stress  and  horizontal  shearing  stress 
per  unit  of  area  in  the  concrete. 

5.  Resisting  Moment. — In  the  calculation  of  the  resisting 
moment  of  reinforced  concrete  beams,  it  is  the  usual  practice  to 
neglect  the  tension  in  the  concrete.  At  sections  where  the  bend- 
ing moment  is  a  maximum  this  is  allowable.  With  this  assump- 
tion the  expression  for  the  resisting  moment  (see  Fig.  1)  is 

M  =  Afd'  =  Afjd " (13) 

jd  is  here  used  as  the  equal  of  d'.  Its  exact  value  is  to  be  deter- 
mined by  the  methods  given  on  pages  16  and  17  of  Bulletin  No.  4. 
The  value  of j  for  the  beams  discussed  in  this  bulletin  varies  from 
0.80  to  0.88. 

For  sections  nearer  the  point  of  zero  bending  moment  (as  for 
example,  in  simple  beams  near  the  supports),  tension  exists  in 
the  concrete  from  the  neutral  axis  downward  for  some  distance 
and  even  to  the  bottom  of  the  beam.     It  is  evident  that  for  such 
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portions  of  the  beam  the  presence  of  this  tension  should  be  taken 
into  consideration  in  the  discussion  of  web  resistance.  It  is  also 
evident  that  the  formula  for  resisting  moment  given  above,  if 
applied  to  such  portions  of  the  beam,  would  involve  considerable 
error . 

6.  Beams  without  Web  Reinforcement:  Bond  Stresses. — In  order 
to  have  beam  action  there  must  be  a  proper  web  connection 
between  the  tension  and  the  compression  portions  of  the  beam. 
When  there  is  no  metallic  web  reinforcement,  the  concrete  acts 
alone  as  this  web.  It  is  clear,  of  course,  that  the  amount  of 
stress  in  the  reinforcing  bars  and  also  in  the  compression  area  of 
the  concrete  varies  from  cross- section  to  cross-section  along  the 
length  of  the  beam.  The  increment  of  tension  and  that  of  com- 
pression gained  between  consecutive  sections  must  be  connected 
by  means  of  this  web;  that  is,  the  increment  in  the  tensile  stress 
in  the  reinforcing  bars  must  be  transferred  to  or  connected  with 
the  increment  of  the  compressive  stress  in  the  concrete. 

In  transmitting  the  increment  of  stress  from  the  reinforcing 
rods  to  the  surrounding  concrete  there  is  developed  a  tendency 
of  the  rods  to  slip  in  the  concrete,  and  the  amount  of  resistance 
to  slip  thus  developed  is  called  bond  and  will  be  measured  in 
terms  of  the  area  of  surface  in  contact  with  the  concrete.  It  will 
be  seen  that  the  total  bond  developed  on  the  surface  of  the 
bars  in  one  inch  of  length  is  equal  to  the  total  change  in  the 
amount  of  tension  in  the  bars  for  the  same  inch  of  length.  Bond 
may  be  compared  to  the  action  of  the  rivets  joining  flange  to  web 
in  a  riveted  steel  girder,  except  that  in  a  reinforced  concrete 
beam  the  contact  is  continuous. 

For  beams  in  which  the  reinforcement  is  horizontal  or  straight 
throughout,  the  formula  for  bond  may  be  derived  as  follows  if  the 
tensile  strength  of  the  concrete  in  resisting  longitudinal  stresses 
is  neglected.  At  any  vertical  section  of  the  beam  the  value  of 
the  resisting  moment  is  given  by  equation  (13)  (M  =  Afd'),  where 
/  is  the  unit  stress  in  the  steel  at  the  section  considered  and  d'  is 
the  distance  from  the  center  of  the  steel  to  the  center  of  com- 
pression in  the  concrete.      Differentiating  this  equation,  —  = 

A-f-d\    By  the  principles  of  mechanics  of  beams,  —  =   I',  where 
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Fis  the  total  vertical  shear  at  the  given  section  (reaction  at  sup 
port  minus  loads  between  the  support  and  the  section  considered) 
Substituting  and  transposing, 

Adf  _    V 


dx         d' 


(16) 


Adf 
Now  the  derivative  —^~  expresses  the  rate  of  change  of  the  total 

tensile  stress  in  the  reinforcing  bars  at  the  section  under  consider- 
ation; it  is  given  in  terms  of  a  unit  of  length  of  beam  (pounds  per 
inch  of  length)  and  measures  what  is  transmitted  to  the  concrete 
by  the  bond.  Using  m  as  the  number  of  bars,  o  as  the  efficient 
circumference  or  periphery  of  one  bar,  the  total  surface  of  bars 
for  one  inch  of  length  of  beam  is  mo  and  the  bond  stress  developed 
is  mou,  where  u  represents  the  bond  developed  per  unit  of  area  of 
surface  of  bar.  Equating  this  to  the  value  of  the  derivative  in 
equation  (16)  and  solving, 

mod' 

Attention  should  be  called  to  the  fact  that  equation  (17)  is 
derived  for  beams  having  the  reinforcing  bars  straight  through- 
out their  length,  that  tension  in  the  concrete  is  neglected,  and 
that  it  must  be  modified  in  case  any  or  all  of  the  bars  are  bent  up. 
If  the  longitudinal  tension  in  the  concrete  is  considered,  as  it  may 
need  to  be  near  the  ends  of  the  beam  it  will  be  found  that  the 
bond  developed  will  be  less  than  given  by  the  formula  if  the  value 
of  /  is  derived  directly  from  the  bending  moment.  In  one  por- 
tion of  the  beam  there  will  be  tension  in  concrete  from  the  neutral 
axis  down  to  the  bottom  of  the  beam;  close  to  this,  tension  will 
exist  for  but  a  short  distance  below  the  neutral  axis.  For  the 
portion  of  the  beam  between  these  two  conditions  the  bond  devel- 
oped will  be  even  more  than  that  given  by  the  formula. 

7.  Vertical  and  Horizontal  Shearing  Stresses  in  Beams  without 
Web  Reinforcement. — It  is  shown  in  the  mechanics  of  beams  that 
there  exists  throughout  a  beam  vertical  and  horizontal  shearing 
stresses  which  vary  in  intensity,  and  that  at  any  point  in  a  beam 
the  vertical  shearing  unit-stress  is  equal  to  the  horizontal  shear- 
ing unit-stress  there  developed.  As  noted  in  the  discussion  of 
bond,  the  total  tension  in  the  reinforcing  bars  varies  along  the 
length  of  the  beam,  as  does  also  the  total  compressive  stress.    The 
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horizontal  shearing  stress  is  seen  to  be  necessary  in  order  that 
the  increments  or  increase  of  the  total  tensile  stresses  in  the 
reinforcing  bars  (transmitted  to  the  surrounding'concrete  by  the 
bond  stresses),  may  be  transmitted  to  the  corresponding  incre- 
ments of  compression  in  the  compression  area  of  the  concrete. 
The  concrete  thus  forms  the  stiffening  web  of  the  beam. 

The  amount  of  this  horizontal  tensile  stress  so  transmitted 
from  the  reinforcing  bars  per  unit  of  length  of  beam  is  by  equa- 

y 

tion  (17)  mou=—7  •     Consider   this   distributed  over  a  horizontal 
a 

section  just  above  the  plane  of  the  bars  for  a  unit  of  length  of 
beam,  and  call  the  horizontal  shearing  unit- stress  v.  The  shear- 
ing resistance  per  unit  of  length  of  beam  thus  developed  is  then 
bv,  and  equating  this  to  mou, 

"=£- <18> 

This  equation  gives  the  horizontal  shearing  unit-stress,  and 
therefore  also  the  vertical  shearing  unit-stress,  at  a  point  just 
above  the  level  of  the  reinforcing  bars.  As  no  tension  is  here 
considered  as  acting  in  the  concrete,  there  will  be  no  change  in 
the  intensity  of  the  horizontal  and  vertical  shearing  "stresses 
between  this  level  and  the  neutral  axis.  Above  the  neutral  axis 
the  intensity  of  the  shearing  stresses  will  decrease  by  the  law  of 
change  of  horizontal  shearing  stresses  for  homogeneous  rec- 
tangular beams  modified  to  suit  any  variation  from  the  straight- 
line  stress-deformation  relation.  The  distribution  of  the  inten- 
sity of  the  horizontal  shearing  stress  over  a  vertical  section  is 
represented  in  Fig.  1  (a). 

As  d'  may  range  from  0.80  d  to  0.88  tf  for  the  conditions 
of  the  beams  here  considered,  the  shearing  stress  by  [equation  (18) 
is  from  25%  to  13%  more  than  the  average  shearing  stress  or 
than  that  found  by  considering  the  stress  to  be  uniformly  dis- 
tributed over  a  vertical  section  extending  down  to  the  center  of 
the  reinforcing  rods. 

The  presence  of  longitudinal  tension  in  the  concrete  modifies 
the  distribution  of  the  vertical  shear,  increasing  the  shearing 
stress  at  the  neutral  axis  and  decreasing  it  at  the  level  of  the 
reinforcement.  If  the  total  tension  taken  by  the  concrete  be  esti- 
mated, and  also  the  position  of   the   centroid,    the  proportion  of 
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the  bending  moment  taken  by  the  steel  and  by  the  tensile  stresses 
of  the  concrete  may  be  determined.  If  now  the  total  vertical 
shear  V  be  separated  into  two  parts  which  are  proportional  to 
these  moments,  respectively,  the  part  V'  taken  by  the  steel  may 
be  used  in  equation  (18),  and  the  part  V"  taken  by  the  tension  of 
the  concrete  may  be  used  in  a  similar  way  by  considering  the  dis- 
tance to  the  centroid  of  the  tension  in  the  concrete.  Fig.  1  (b) 
illustrates  the  distribution  of  the  vertical  shear  in  this  case. 

Although  the  presence  of  tension  in  the  concrete  modifies  the 
amount  and  distribution  of  the  shearing  stresses,  equation  (18) 
will  be  used  in  the  discussion  of  the  tests  of  beams  having  the 
bars  straight  throughout,  since  it  is  simpler  to  neglect  the  tension 
and  since  the  results  are  satisfactory  for  the  purpose  of  compar- 
ison. 

8.  Diagonal  Tension  in  Concrete  in  Beams  without  Web  Rein- 
forcement.—In  the  flexure  of  a  beam  various  stresses  are  set  up 
in  its  web.  Besides  the  bond  and  the  horizontal  and  vertical 
shearing  stresses  already  discussed,  tensile  and  compressive  and 
shearing  stresses  exist  in  every  diagonal  direction.  In  determin- 
ing the  resisting  moment,  only  the  horizontal  components  of  these 
are  taken.  When  there  is  no  metallic  web  reinforcement,  all  the 
diagonal  stresses  are  taken  by  the  concrete.  By  the  analysis  of 
combined  shear  and  tension  given  in  text  books  on  resistance  of 
materials,  the  value  of  the  maximum  diagonal  tensile  unit-stress 
is  found  to  be 


t  =  is+i/is2+v2 (19) 

where  t  is  the  diagonal  tensile  unit- stress,  s  is  the  horizontal  ten- 
sile unit-stress  existing  in  the  concrete,  and  v  is  the  horizontal  or 
vertical  shearing  unit-stress.  The  direction  of  this  maximum 
diagonal  tension  makes  an  angle  with  the  horizontal  equal  to  one- 

a 

half  of  the  angle  whose  cotangent  is  i — 

v 

If  there  is  no  tension  in  the  concrete  this  reduces  to 

t  =  v (20) 

and  the  maximum  diagonal  tension  makes  an  angle  of  45°  with 
the  horizontal  and  is  equal  in  intensity  to  the  vertical  shearing 
stress  at  that  point. 

It  is  seen  that  the  value  of  the  diagonal  tensile  stress  depends 
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upon  the  tensile  stress  in  a  horizontal  direction  at  the  given  point 
as  well  as  upon  the  amouDt  of  the  horizontal  and  vertical  shear- 
ing stresses  there  developed.  If  s  =  0,  t  =  vy  and  the  diagonal 
tension  has  this  value  in  a  direction  45°  from  the  horizontal.  If 
s  —  v,  t  —  1.62  v  and  the  direction  of  the  maximum  stress  makes  an 
angle  of  31°  43'  with  the  horizontal.  If  s  =  2  v,  t=  2.4  v  and  the 
direction  of  the  maximum  stress  is  27°  30'.  It  may  be  said  that 
in  the  ordinary  reinforced  concrete  beam  the  value  of  t  probably 
varies  from  one  to  two  times  v>  the  vertical  shearing  unit-stress. 

It  is  evident  that  the  value  of  the  diagonal  tension  is  gener- 
ally indeterminate.  No  working  formulas  are  available.  For 
this  reason  it  is  the  practice,  now  becoming  nearly  universal,  in 
beams  without  web  reinforcement  to  calculate  the  value  of  the 
vertical  shearing  unit-stress  v,  and  to  use  this  as  the  measure  or 
means  of  comparison  of  the  diagonal  tensile  stress  developed  in 
the  beam;  with  the  understanding,  of  course,  that  the  actual  di- 
agonal tension  is  considerably  greater  than  the  vertical  shearing 
stress.  It  will  be  found  that  the  value  of  v  developed  in  beams 
will  vary  with  the  amount  of  reinforcement,  with  the  relative 
length  of  the  beam,  and  with  other  factors  which  affect  the  stiff- 
ness of  the  beam. 

9.  Diagonal  Tension  and  Bond  Failures  in  Beams  without  Web 
Reinforcement. — It  is  evident  that  the  tensile  strength  of  the  con- 
crete may  limit  the  strength  of  a  reinforced  concrete  beam  and 
that  under  certain  conditions  diagonal  tension  may  be  the  cause 
of  failure.  These  failures  will  occur  in  the  outer  parts  of  the 
length  of  the  beam.  The  difference  between  the  condition  of  ten- 
sion in  the  concrete  at  this  portion  of  the  beam  and  that  at  the 
points  of  maximum  bending  moment  should  be  noted.  In  the  lat- 
ter place  the  concrete  will  have  failed  in  tension  from  the  bottom 
of  the  beam  to  some  point  not  far  below  the  neutral  axis,  and 
under  this  condition  tension  in  the  concrete  has  little  effect  upon 
the  resisting  moment.  This  section  is  likely  to  be  at  a  point  in 
the  beam  where  the  shearing  stresses  are  low.  Failure  by  di- 
agonal tension  comes  at  a  point  in  the  beam  where  the  longitu- 
dinal tensile  stresses  are  less  and  the  vertical  shearing  stresses 
are  greater.  The  tensile  strength  of  the  concrete  in  beams  with- 
out web  reinforcement  forms  the  principal  source  of  resistance  to 
diagonal  tension. 
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Failure  by  diagonal  tension    (commonly  called  shear  failure) 
generally  starts  from  a  tension   crack  which    lias  formed  at  the 

bottom  of  the  beam  and  extended  to  the  Level  of  the  reinforce 
ment  or  to  8  point  somewhat  abov<  This  crack  then  branches 
in  a  diagonal  direction,  running  in  a  direction  away  from  the  sup- 
port. If  the  diagonal  crack  starts  from  a  point  some  distance 
above  the  level  of  the  reinforcement,  as  it  may  in  a  deep  beam,  it 
will  also  run  diagonally  downward  in  the  prolongation  of  the  gen- 
eral  diagonal  line.  Failure  by  diagonal  tension  is  generally  sud- 
den, as  is  the  case  when  concrete  is  tested  in  tension  and  as  is 
found  in  tests  of  unreinforced  concrete  beams.  A  variation  from 
this  is  found  when  part  of  the  shear  is  carried  forward  by  the 
stiffness  of  the  rods,  and  the  failure  is  slower  and  progressive. 
Pig.  2  gives  typical  representations  of  a  failure  by  diagonal  ten- 
sion in  beams  having  all  the  bars  straight.  In  the  second  case 
the  reinforcing  bars  are  finally  split  off  from  the  concrete  above. 


•  •  •  • 


Fig.  2.    Position  of  Cracks  in  Diagonal  Tension  Failures. 


10.  Phenomena  of  Beam  Action  with  Bars  Bent  Up. — When  bars 
are  bent  up  in  the  outer  portion  of  the  beam  length,  the  distribu- 
tion and  the  amount  of  the  shearing  stresses  and.  bond,  stresses 
are  materially  different  from  the  foregoing.  The  analysis  of  the 
stresses  becomes  more  complex;  a  determination  of  their  actual 
value  is  impracticable.  However,  a  study  of  the  phenomena  of 
failure  and  of  the  conditions  which  exist  and  of  their  variation 
from  the  conditions  ordinarily  assumed  in  the  analysis  of  beams 
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with  all  bars  horizontal,  will  serve  a  useful  purpose.  Com- 
parisons may  be  made  by  means  of  the  formulas  for  bond,  shear, 
and  diagonal  tension  already  referred  to. 

The  case  where  all  bars  are  bent  up  at  the  same  point  will 
first  be  taken  up.  Assume  the  method  of  loading  used  in  the 
tests,  that  of  placing  the  loads  at  the  one- third  points  of  the  spun 
length.  In  Pig.  3  (a),  G  is  the  support  and  P  the  load  point  where 
one  half  of  the  load  is  applied.  Take  any  section  AB  at  some 
point  between  the  support  and  the  load  point.  If  we  assume  that 
the  ordinary  conditions  of  beam  action  exist,  it  will  be  seen  that 
the  concrete  will  break  in  tension  from  some  point  B  at  the  bot- 
tom of  the  beam  up  to  C,  and  with  an  increase  of  the  load  applied 
and  with  the  increased  tension  and  stretch  in  the  reinforcing  bar 
this  tension  crack  will  extend  upward.  With  the  method  of  load- 
ing assumed,  neglecting  the  influence  of  the  weight  of  the  beam, 
the  bending  moment  will  increase  uniformly  from  the  support  to 
the  load  point,  being  zero  at  G  and  a  maximum  at  the  section 
through  P.  For  a  beam  having  the  reinforcement  straight 
throughout,  the  common  assumption  of  beam  action  would  show 
the  stress  in  the  reinforcement  to  be  decreasing  uniformly  from 
the  load  point  to  the  support,  changing  from  a  maximum  at  the 
section  through  P  to  a  zero  stress  at  G. 

With  the  bars  bent  up  a  different  distribution  of  the  stresses 
exists.  We  may  obtain  an  idea  of  the  stress  at  an  intermediate 
point  C,  if  we  neglect  tension  in  the  concrete,  by  considering  d 
as  the  distance  from  A  to  C,  substituting  in  equation  (13),  p.  6, 
and  multiplying  the  resulting  value  by  sec  a,  where  a  is  the  angle 
which  the  reinforcing  bar  makes  with  the  horizontal  at  the  given 
point  C.  It  is  apparent  that  the  stress  in  the  reinforcement  at 
C  must  be  considerably  greater  than  when  the  reinforcing  bars 
are  straight  throughout.  It  is  even  conceivable,  if  the  ordinary 
assumptions  held,  that  the  stress  in  the  bars  might  be  nearly 
constant  to  the  end  of  the  bar,  as  would  be  the  case  in  a  para- 
bolic truss.  This  can  not  be  the  case  in  a  reinforced  concrete 
beam,  however,  for  the  tensile  strength  of  the  concrete  at  the 
bottom  of  the  beam  operates  to  take  the  greater  part  of  the  ten- 
sion which  goes  to  make  up  the  bending  moment  for  sections 
toward  the  end  of  the  beam;  and  besides,  the  variation  from  beam 


14  ILLINOIS   ENGINEERING   EXPERIMENT   STATION 

action  near  the  end  of  the  beam  (due  to  the  distribution  of  the 
upward  pressure  from  the  support  in  an  oblique  direction  and  to  the 
existence  of  arch  action)  changes  the  stress  distribution  in  sec- 
tions near  the  end  of  the  beam.  This  much  is  brought  out,  how- 
ever, that  if  the  tensile  stress  in  the  steel  remained  uniform  to 
the  end  of  the  bar,  the  bond  stress  required  at  the  end  of  the 
bar  would  be  enormous. 


Fig.  3.    Diagonal  Tension  Failure  in  Beams  with  All  Bars  Bent  Up. 

The  presence  of  tensile  strength  in  the  concrete  makes  the 
above  condition  an  impossible  one;  high  bond  stresses  must  also 
exist  at  certain  points.  Consider  that  at  the  section  through  C 
the  concrete  has  failed  in  tension  below  the  bar  and  that  at  some 
section  nearer  the  support  the  tensile  strength  of  the  concrete  is 
effective  down  to  the  bottom  of  the  beam.  It  is  evident  that  at 
the  latter  section  the  stress  in  the  bar  must  be  relatively  small 
(since  it  is  here  so  close  to  the  neutral  axis  of  the  beam).  The 
change  in  stress  in  the  bar  between  the  two  sections  must  then 
be  considerable  and  hence  the  bond  developed  on  the  surface  of  the 
bar  will  be  very  great,  much  greater  than  is  given  by  the  formu- 
las as  ordinarily  applied.  Of  course,  it  is  probable  that  under 
the  actual  conditions  of  stress  the  cross- section  of  the  beam  will 
become  distorted  and  a  plane  section  before  bending  will  not 
remain  a  plane  section  after  bending;  this  adds  to  the  indetermin- 
ateness  of  the  phenomena. 

It  is  evident  that  any  modification  of  the  distribution  of  the 
tensile  stress  throughout  the  length  of  the  reinforcing  bar  and  of 
the  bond  between  the  steel  and  concrete  at  different  cross-sections 
must  be  accompanied  with  a  change  in  the  amount  and  distribu- 
tion of  shearing  stresses  and  diagonal  tension.  Where  the  bond 
stress  is  small,  the  shearing  unit-stress  will  be  low,  and  any  con- 
dition which  increases  the  bond  stress  must  also  increase  the 
shearing  stress  and  hence  also  the  diagonal  tension. 
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With  the  reinforcing  bar  in  a  diagonal  direction,  part  of  the 
diagonal  tension  will  be  taken  by  the  bar.  On  the  other  hand,  the 
formation  of  a  vertical  crack,  as  at  C  in  Fig.  3  (b),  gives  oppor- 
tunity for  the  starting  of  a  diagonal  crack,  and  the  diagonal  crack 
is  likely  to  form  from  such  main  vertical  cracks.  Whether  bond 
or  diagonal  tension  will  be  the  ultimate  cause  of  failure  is,  then,  a 
subject  for  investigation.  Another  condition  which  enters  into 
the  action  of  bars  with  reinforcement  bent  up  in  this  way  is  the 
effect  of  the  sudden  change  in  stiffness  at  the  point  C  after  the 
vertical  and  diagonal  crack  has  formed  to  and  beyond  C.  It  will 
be  seen  in  Fig.  3  (c)  that  the  portion  of  the  beam  to  the  left  of  C 
is  stiffer  than  that  at  C,  and  with  increase  of  bending  at  C  a  ten- 
dency to  split  the  concrete  exists.  As  a  result  the  concrete  may 
split  along  the  reinforcing  bar  from  C  to  E  as  shown  in  the  figure, 
and  this  may  be  the  manner  of  failure. 

When  part  of  the  bars  are  bent  up  and  part  remain  straight, 
the  stresses  are  distributed  in  still  another  way.  In  Fig.  4  (a) 
consider  that  part  of  the  bars  (say  one-half)  are  bent  up  along  IK, 
and  that  the  remainder  run  straight  toward  or  past  the  support  G. 
Consider  that  at  the  section  FH  both  sets  of  bars  are  at  the  same 
level  and  that  they  have  the  same  tensile  stress.  Away  from  I 
toward  the  end  of  the  beam,  the  tensile  stress  in  the  upper  bars 
will  be  less  than  that  in  the  lower  group.  If  we  assume  that  a 
plane  section  before  bending  remains  a  plane  section  after 
bending  the  relative  deformation  in  the  two  sets  of  bars  at 
the  section  AB  may  be  represented  as  at  (b)  in  Fig.  4.  Like- 
wise,   the   ratio   of   the    tensile    stresses   developed    at    C    and 

mi  n 

t  v 

B  (shown  at  (c))  may  be  represented  by  ^r?  =  —-7,    where  /"  and  /' 

are  the  tensile  unit-stresses  in  the  bars  at  C  and  B,  respectively, 
and  y"  and  y'  are  the  distances  shown  in  the  diagram.  It  appears, 
then,  that  the  stress  in  the  rod  at  B  must  take  the  greater  part  of 
the  bending  moment  and  hence  that  the  stress  in  the  bar  at  B 
will  be  correspondingly  greater  than  that  in  the  bar  at  C.  As 
the  tensile  stress  in  the  bent  rod  has  decreased  a  relatively  large 
amount  between  the  points  I  and  C,  the  bond  stress  developed  in 
this  portion  of  its  length  must  be  higher  than  given  by  the  ordi- 
nary equation  for  bond  stress;  and  from  C  to  K  the  bond  stress 
must  be  correspondingly  less  than  the  calculated  value.     In  the 
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lower  bars  the  stress  at  B  may  not  be  much  less  than  at  I,  since 
at  B  it  is  taking  the  larger  part  of  the  bending  moment,  and  hence 
the  bond  stress  developed  in  the  portion  IB  will  be  less  than  that 
found  by  the  formula,  while  beyond  B  and  toward  G  the  decrease 
in  stress  will  be  rapid  and  the  bond  stress  developed  will  be  cor- 
respondingly greater.  Again  it  may  be  noted  that  the  assumption 
that  a  plane  section  before  bending  remains  a  plane  section  after 
bending  evidently  is  not  exactly  true,  and  the  distortion  which 
takes  place  in  the  concrete  adds  to  the  difficulties  of  determining 


Fig.  4.    Diagonal  Tension  Failure  in  Beams  with  Part  of  the  Bars 

Bent  Up. 


the  stresses.  Fig.  4  (d)  may  be  taken  as  illustrative  of  the  change 
in  /  in  the  two  sets  of  bars  between  the  load  point  and  the  sup- 
port under  the  assumption  that  ordinary  beam  action  prevails, 
and  Fig.  4  (e)  as  representative  of  the  stresses  with  the  conditions 
of  distortion  prevailing. 

It  would  seem,  then,  that  the  bending  up  of  the  bars  results 
in  greater  vertical  shearing  stresses  between  I  and  C,  and  that  a 
large  part  of  the  diagonal  tension  developed  here  will  betaken  by 
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the  bent  reinforcement;  and  also  that  in  the  lower  set  there  is  less 
bond  developed  between  I  and  B  and  hence  that  the  diagonal  ten- 
sion throughout  this  portion  is  less  than  might  otherwise  be 
expected.  If,  now,  another  part  of  the  bars  were  bent  up  at  B  a  con- 
dition would  be  developed  similar  to  that  in  IC.  It  is  evident  that 
it  is  not  easy  to  determine  the  distribution  of  the  diagonal  stresses 
among  the  several  bars,  and  this  is  especially  true  if  they  are  not 
rigidly  connected  with  each  other. 

When  the  main  reinforcing  bars  run  straight  through  the  beam 
and  diagonal  reinforcement  is  fastened  to  them,  or  where  a  part 
of  the  bar  is  sheared  and  bent  up,  as  in  the  Kahn  bar,  still 
another  condition  exists.  Here  the  conditions  of  tensile  stresses  in 
the  main  reinforcing  bars  approximate  those  given  by  the  ordi- 
nary beam  assumptions  and  formulas,  (modified  for  tension  in  the 
concrete),  if  the  amount  of  metal  is  uniform  or  nearly  uniform 
throughout  the  length  of  the  beam.  Most  of  the  diagonal  tension 
may  be  considered  finally  to  be  taken  by  the  diagonal  reinforce- 
ment, if  its  sectional  area,  and  bond  resistance  are  sufficient  and  if 
the  diagonals  are  properly  distributed  in  the  beam.  Use  Tasthe 
amount  of  total  vertical  shear  at  the  given  section  which  is  con- 
sidered to  be  carried  through  the  diagonal  reinforcement.  The 
proportion  which  this  V  bears  to  the  actual  total  vertical  shear 
at  the  given  section  may  not  be  known  and  possibly  may  have  to 
be  estimated  from  our  knowledge  of  the  results  of  tests.  When 
the  diagonals  make  an  angle  of  45°  with  the  horizontal,  the  assump- 
tion that  the  direction  of  the  resulting  diagonal  compressive  stress 
is  at  an  angle  of  45°  with  the  horizontal  will  not  result  in  material 
error,  particularly  if  the  bars  are  bent  up  at  intervals  longitudi- 
nally equal  to  d '  or  \  d ' .  For  these  conditions  the  amount  of  the 
diagonal  stress  finally  taken  by  the  diagonal  reinforcement  may 

Vol 
be  estimated  to  be  0.707  -p  »  where  a  is  the  distance  longitudinally 

a 

between  diagonals.  This  is  with  the  provision,  of  course,  that 
the  diagonals  are  sufficiently  close  together  and  that  they  are 
securely  fastened  to  the  longitudinal  bars. 

Generally  speaking,  then,  the  distribution  of  web  stresses  in 
beams  with  bars  bent  up  is  more  or  less  indeterminate.  A  special 
study  of  the  stresses  may  be  made  for  any  given  arrangement  of 
bars,  and  recourse  must  be  had  to  experimental  results  for  each 
case.  In  this  bulletin  instead  of  attempting  to  calculate  the  act- 
ual stresses,  the  values  given  in  the  tables  and  in  the  discussion 
will  be  those  obtained  by  equations  (17)  and  (18),  using  for  d  the 
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full  depth  from  the  top  of  the  beam  to  the  reinforcement  as  it  ex- 
ists at  the  middle  of  the  beam;  and  the  values  so  found  will  be 
termed  the  nominal  shearing  stress  and  the  nominal  bond.  These 
nominal  values  will  be  used  in  comparison  of  results  obtained 
with  the  different  arrangements  of  bars,  but  it  must  be  expressly 
understood  that  they  do  not  represent  actual  stresses  in  the  rein- 
forcement or  in  the  concrete. 

11.  Web  Reinforcement  by  Vertical  Stirrups. — The  use  of  ver- 
tical stirrups  to  take  a  part  or  all  of  the  vertical  component  of  the 
web  stresses  is  quite  common.  These  stirrups  are  U-shaped  or 
looped  and  enclose  the  longitudinal  reinforcement  and  generally 
are  not  fastened  to  it.  The  following  assumed  conditions  will  be 
discussed  in  order:  (1)  the  assumption  that  all  the  vertical  com- 
ponent is  taken  by  the  stirrups;  (2)  the  condition  which  exists 
before  the  concrete  fails  in  diagonal  tension;  and  (3)  the  conditions 
probably  existing  after  the  concrete  has  so  failed. 

(1).  In  Fig.  5  (a),  the  spacing  of  the  stirrups  is  given  as  a. 
If  a  diagonal  crack  has  formed,  the  condition  shown  in  Fig.  5  (b) 
may  exist.  Following  the  line  of  reasoning  used  in  establishing 
equation  (18),  p.  9,  and  assuming  that  the  diagonal  compressive 
stress  makes  an  angle  of  45°  with  the  horizontal  whatever  may  be 
the  spacing  of  the  stirrups,  the  vertical  component  to  be  taken  by 

V 
the  stirrups  per  unit  of  length  of  beam  is  seen  to  be  —, .      The  total 

a 

stress  taken  by  one  stirrup  then  is 

P=%.. (21) 

a 

It  is  assumed  that  enough  vertical  deformation  has  taken  place 
to  develop  this  stress,  and  that  the  stirrups  are  close  enough 
together  to  make  this  form  of  reinforcement  effective.  It  will  be 
seen  that  the  assumed  action  corresponds  in  some  ways  with  the 
action  of  a  truss  having  the  line  of  the  upper  chord  at  the  centroid 
of  the  compressive  stresses. 

(2).  Until  the  concrete  web  has  failed  in  diagonal  tension  and 
diagonal  cracks  have  formed  there  must  be  little  vertical  deforma- 
tion at  the  plane  of  the  stirrups,  so  little  that  not  much  stress  can 
have  developed  in  the  stirrups.  Besides,  at  this  stage  the  diag- 
onal tension  must  be  expected  to  be  distributed  along  the  length 
of  the  beam  and  not  to  be  concentrated  at  the  stirrups.  It  is  evi- 
dent, then,  that  until  the  concrete  web  fails  in  diagonal  tension 
little  stress  is  taken  by  the  stirrups. 
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(3).  After  the  diagonal  cracks  have  formed,  the  lower  part 
of  the  concrete  web  becomes  ineffective  in  resisting  diagonal  ten- 
sion. The  stress  may  be  considered  as  delivered  to  the  stirrup  at 
B  in  Pig.  5  (b)  through  the  cantilever  projection  C'  B'  E.  There 
is  still  integrity  of  structure  in  the  upper  portion  of  the  section 
CD  or  CD',  and  since  there  is  not  freedom  of  movement  at  the 
compression  centroid  it  seems  reasonable  to  consider  that  not 
the  full  effect  is  transmitted  through  the  cantilever  portion  C  B'E 
to  B.  The  experiments  seem  to  confirm  this  view.  It  will  be  con- 
venient in  the  general  discussion  to  consider  that  part  of  the  ver- 
tical shear  V  is  carried  down  through  the  cantilever  C  BE  to 
B,   and  part  passes  through  the  compression  portion. 
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Fig.  5.    Action  of  Forces  in  Beams  with  Stirrups. 


20  ILLINOIS    ENGINEERING   EXPERIMENT   STATION 

However,  as  the  proportion  taken  by  the  stirrups  is  unknown, 
it  will  be  assumed  in  the  calculations  in  this  bulletin  that  all  of 
the  shear  is  taken  by  the  stirrups.  This  use  of  equation  (21)  is 
somewhat  empirical,  but  it  makes  a  common  basis  of  comparison. 

The  distribution  of  bond  stresses  developed  on  the  surface  of 
the  stirrups  is  indeterminate.  Evidently  it  must  not  be  expected 
that  tension  will  be  transferred  to  the  concrete  until  the  compres- 
sion area  of  the  beam  is  reached,  or  until  a  point  but  little  below 
is  reached.  In  the  calculation  for  bond  in  stirrups  in  this  bulletin, 
the  bond  surface  of  the  stirrups  for  a  depth  of  beam  equal  to  0.6  d 
will  be  arbitrarily  assumed. 

II.     Materials,  Test  Pieces,  and  Method  of  Testing. 

12.  Materials. — The  materials  used  in  making  the  test  beams 
were  similar  to  those  used  in  the  reinforced  concrete  beams 
described  in  Bulletin  No.  4  and  Bulletin  No.  14;  they  may  be  con- 
sidered to  be  representative  of  the  best  materials  used  for  this 
class  of  work  in  this  section  of  the  country.  The  stone,  sand,  and 
much  of  the  cement  were  bought  in  the  open  market.  The  Uni- 
versal portland  cement,  used  in  some  of  the  beams,  was  furnished 
by  the  makers.  The  mild  steel  rods  used  for  reinforcement  were 
furnished  by  the  Illinois  Steel  Co.  The  corrugated  bars  were 
supplied  by  the  St.  Louis  Expanded  Metal  and  Corrugated  Bar 

TABLE  1. 

Mechanical  Analysis  of  Stone. 
Series  of  1908. 


Size  of 
Mesh 
inches 

Per  cent 
Passing 

1 

100 

1 

93 

I 

<)4 

41 

* 

22 

\ 

4 

tV 

2 

Co.  A  form  of  reinforcement  known  as  the  Cummings'  unit  frame 
was  furnished  by  Mr.  Robert  Cummings  of  Pittsburg,  Pennsyl- 
vania. 
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TABLE  2. 
Mechanical  Analysis  op  Sand. 


Sieve 
No. 


Separation 

Size 

inches 


Per  cent  Passing 


1907 


1908 


3 

98 

5 

.174 

100 

87 

10  - 

.091 

81 

63 

18 

.043 

53 

37 

30 

.027 

35 

20 

40 

.019 

24 

11 

50 

.013 

14 

4 

74 

.009 

7 

2 

150 

2 

1 

Ay. 


TABLE   3. 

Tensile  Strength  of  Cement. 


Ultimate  Strength,  lb.  per  sq.  in. 

Ref. 

Chicago  AA  Cement        J 

Universal  Cement 

No. 

Age  7  days 

Age  28  days 

Age  7  days 

Age  28  days 

Neat     1-3 

Neat 

1-3 

Neat 

1-3 

Neat 

1-3 

Series  of  1907 

1 

786 

230 

811 

265 

410 

187 

680 

370 

2 

683 

145 

851 

235 

470 

200 

670 

330 

3 

760 

218 

861 

225 

360 

120 

560 

360 

4 

786 

186 

760 

270 

405 

145 

570 

290 

5 

866 

215 

965 

265 

320 

195 

600 

295 

6 

815 

211 

935 

287 

310 

180 

620 

310 

Ay. 

783 

201 

864 

258 

379 

171 

617 

326 

Series  of  1908 

1 

559 

145 

707 

247 

565 

244 

764 

319 

2 

732 

192 

857 

318 

809 

248 

885 

336 

3 

665 

175 

779 

266 

728 

232 

776 

285 

4 

811 

227 

833 

307 

699 

242 

754 

292 

5 

666 

182 

792 

284 

702 

229 

763 

315 

6 

693 

191 

781 

283 

7 

719 

206 

767 

303 

692 


188 


788 


287 


701 


239 


788 


309 


These  tests  were  made  with  standard  Ottawa  sand.  Tests  from  one  sample  of  the  1908 
cement  on  briquettes  made  with  natural  sand  gave  a  higher  strength  than  did  the  briquettes 
made  with  the  standard  sand. 

Each  of  the  above  values  is  the  average  of  5  briquettes 
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TABLE  4. 

Mechanical  Analysis  of  Cement. 


1907 

1008 

Sieve 

Per    cent     Passing 

Sieve 
No. 

Per    cent    Passing 

No. 

Universal 

Chicago  AA 

Universal 

Chicago  AA 

74 
100 
200 

98.6 
96.2 

80.9 

96.4 
91.2 

69.8 

74 
100 
200 

99.3 
98.5 
90.1 

98.2 
95.0 
80.6 

TABLE  5. 

Tension  Tests  of  Steel. 

Series  of  1907. 


Beam 

No. 


Nomi- 
nal 
Size 
inches 


Yield 
Point 
lb.  per 
sq. in. 


Ulti- 
mate 
Str'ngth 
lb.  per 
sq.  in. 


Per  cent 

Nomi- 

Yield 

Ulti- 
mate 
Str'ngth 
lb.  per 
sq.  in. 

Elonga- 

Beam 

nal 

Point 

tion  in 

No. 

Size 

lb.  per 

8  in. 

inches 

sq-  in. 

Percent 
Elonga- 
tion in 
8  in. 


211.1 

t 

36  800 

56  100 

33 

416.5 

X 
2 

40  700 

52  500 

211.2 

X 
2 

39  800 

55  900 

29 

416.6 

(  t 

40  000 

54  800 

212.1 

t 1 

39  700 

55  700 

29 

511.1 

(( 

40  100 

54  900 

212.2 

" 

40  200 

56  400 

30.5 

511.2 

(< 

37  400 

53  500 

212.5 

39  600 

54  700 

29 

512.1 

(< 

39  600 

58  900 

212.6 

39  900 

55  700 

28.5 

512.2 

(( 

37  300 

54  800 

613.2 

39  300 

54  400 

29 

531.1 

t 

37  400 

51  900 

616.2 

41  000 

55  900 

29.3 

531.2 

u 

38  4Q0 

56  500 

417.5 

t 

38  700 

54  900 

31.5 

513.1 

i 

38  800 

53  400 

417.6 

39  300 

55  700 

31 

551.2 

.  i 

39  400 

57  200 

611.1 

37  200 

54  600 

30.5 

553.1 

a 

63  200 

97  100 

611.2 

40  500 

53  800 

30 

231.5 

(( 

60  800 

94  700 

612.1 

37  000 

51  300 

32 

232.5 

(( 

52  000 

82  300 

612.2 

39  200 

53  200 

31.5 

232.6 

(( 

57  200 

89  300 

613.1 

38  400 

54  800 

32 

233.5 

u 

58  500 

88  100 

616.1 

38  700 

59  600 

31.5 

233.6 

u 

64  400 

102  500 

6171 

38  300 

52  500 

31.5 

233.7 

a 

-57  600 

90  900 

213.1 

i 

40  700 

53  000 

30 

235.2 

a 

53  100 

86  300 

213.2 

39  100 

56  000 

29.5 

235.5 

(( 

64  000 

101  500 

414.5 

38  700 

54  100 

30.2 

235.6 

a 

60  000 

98  000 

414.6 

39  200 

54  500 

29.2 

241.5 

a 

51   700 

84  500 

214.1 

39  !ioo 

53  500 

29.5 

221.1 

1 

39  000 

56  400 

214.2 

39  200 

52  500 

31.5 

221.2 

(( 

43  100 

64  300 

415.1 

40  200 

51  000 

30.2 

223.6 

i 

39  100 

56  300 

415.2 

40  LOO 

r>r>  800 

29.5 

225.5 

1 

37  500 

57  000 

415.5 

40  400 

55  800 

30.2 

227.5 

ti 

40  500 

58  000 

415.6 

40  400 

57  300 

28.2 

2_7.6 

it 

38  500 

00  000 

215.1 

42  100 

56  200 

30 

228.5 

u 

38  700 

61  500 

215.2 

43  900 

58  100 

30.5 

228.6 

it 

39  800 

63  100 

29.7 
30 
31.5 
29.5 
28 
29 

31.5 
31.5 
29.5 
28.5 
9.5 
8.5 


11 
10 
14 

7, 
10, 
11 

7 
11 
12 
32 
29 
29, 
31 
30 
30 
31 
30 
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TABLE  5— Continued. 

Tension  Tests  of  Steel. 

Series  of  1908. 


Nomi- 

Yield 

Ulti- 
mate 

Per  cent 

Nomi- 

Yield 

Ulti- 
mate 

Per  cent 

Beam 

nal 

Point 

Str'ngth 

Elonga- 

Beam 

nal 

Point 

Str'n^th 

Elonga- 

No. 

Size 

lb.  per 

lb.  per 

tion  in 

No. 

Size 

lb.  per 

lb.  per 

tion  in 

inches 

SQ.   in. 

sq.    in. 

8  in. 

inches 

sq.   in. 

sq.   in. 

8  in. 

210.1 

i 

40  000 

61  200 

28.5 

336.2 

i 

40  000 

61  000 

27 

210.3 

38  700 

59  000 

29.3 

336.2 

41  600 

63  000 

27 

210.2 

41  100 

61  800 

29 

336 . 2 

40  300 

60  700 

28 

210.2 

42  200 

62  700 

28 

336 . 3 

40  300 

60  600 

27.4 

343.2 

40  100 

59  900 

28.6 

213.3 

3!)  100 

61  500 

29.5 

341.3 

40  300 

60  700 

29 

213.4 

39  000 

60  100 

31 

341.3 

41  000 

59  800 

29 

351.2 

40  000 

61  000 

27.7 

341.3 

41  600 

64  000 

26 

214.3 

39  800 

02  500 

26.5 

341.3 

40  300 

63  500 

29 

214.4 

39  400 

59  300 

28.5 

211.4 

40  200 

62  600 

2S.5 

214.5 

41  100 

61  800 

28.0 

211.5 

40  200 1  61  300 

29 

352.1 

41  900 

62  200 

28.0 

331.1 

42  500!  63  600 

27 

352.2 

40  900 

61  300 

28 

331.3 

40  800    60  700 

29.3 

353.2 

39  200 

59  500 

28 

332.1 

40  500,  57  900 

26 

351.1 

40  800 

60  900 

28.5 

217.0 

39  700 

62  500 

29 

215.3 

39  600 

59  500 

29.5 

217.1 

39  900 

63  800 

26.5 

215.4 

40  500 

61  400 

27 

217.3 

39  900 

61  600 

29 

361.1 

39  900 

61  300 

27.5 

217.5 

40  900 

60  700 

29.5 

362.1 

40  200 

61  000 

28 

217.2 

38  200 

61  100 

30 

362.2 

40  300 

61  200 

27.5 

217.4 

41  200 

62  000 

28 

363.2 

40  300 

60  300 

28 

217.4 

40  000 

61  000 

29 

361.2 

40  400 

61  300 

27.5 

218.1 

40  800 

61  200 

29 

363.1 

40  200 

61  000 

30.2 

218.1 

39  300 

62  300 

29 

221.3 

1 

37  900 

58  300 

32 

218.2 

40  400 

61  700 

29.5 

221.4 

37  100 

60  100 

30.5 

218.3 

40  900 

60  600 

27.5 

223.2 

* 

41  300 

61  000 

28.5 

218.3 

40  400 

60  500 

26.5 

223.3 

40  900 

60  500 

29 

254.1 

40  400 

61  800 

29.4 

229.1 

41  100 

60  000 

28.3 

252.5 

52  800 

88  600 

15 

229.2 

41  500 

63  300 

28 

252.6 

51  400 

84  800 

18 

229.2 

40  600 

61  200 

27 

252.7 

45  600 

77  900 

19.5 

229.4 

39  400 

61  200 

27.5 

253.5 

48  700 

83  000 

16.2 

229.5 

41  500 

61  100 

27.5 

253.6 

49  400 

80  000 

19 

229.7 

40  200 

60  500 

29 

219.1 

39  300   59  500 

27.7 

229.8 

40  300 

60  500 

29 

219.2 

40  600 

61  700 

27.3 

229.8 

37  500 

61  200 

27 

:-55.1 

t 

38  000 

60  600 

33 

229.8 

37  600 

59  400 

27 

255.2 

i 

41  000 

60  800 

28.6 

t     233.3 

40  500 

60  600 

26.5 

220.5 

1 

39  200 

64  500 

30 

233.4 

49  400 

80  800 

21.5 

220.1 

1 

36  900 

63  100 

35.5 

241.1 

51  000 

84  000 

13 

220.2 

(< 

36  500 

60  300 

30 

241.2 

47  500 

7!)   100 

20.3 

256.1 

a 

38  600 

61  400 

29.5 

241.7 

1 

42  200 

60  700 

33 

256.2 

1 1 

38  100 

61  100 

31.2 

241.8 

45  000 

62  600 

30 

253.1 

u 

53  400 

89  100 

11.5 

243.3 

i 

50  100 

81  800 

18 

336.2 

\ 

40  300 

61  300 

29 

243.4 

36  100 

56  400 

26 
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Stone.     The  stone  was  a  good  quality  of  crushed  limestone 
from    Kankakee,    Illinois,    ordered  screened  through  a  1-in.  and 
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Fig.  6.    Details  and  Arrangement  of  Reinforcement. 

over  a  1-in.  screen.  It  contained  about  50  %  voids  and 
weighed  about  81  lb.  per  cu.  ft.  In  the  determination  of  the  voids 
in  both  stone  and  sand,  the  material  was  poured  slowly  into  water 
to  obviate  the  retention  of  air.  Table  1  gives  the  average  of 
the  tests  of  19  samples  of  the  stone  used  in  1908. 

Sand.     The  sand  was  of  good  quality,  sharp,  well  graded,  and 
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generally  clean;  it  weighed  104  lb.  per  cu.  ft.  loose.  Table  2  gives 
the  results  of  mechanical  analyses  of  this  sand. 

Cement.  Tests  of  the  two  brands  of  cement  used  for  the  two 
years  are  given  in  Table  3.  Table  4  gives  analyses  of  the  fine- 
ness. 

Concrete.  Men  accustomed  to  mixing  concrete  and  making 
test  beams  were  employed  in  the  work.  Care  was  taken  in  meas- 
uring, mixing,  and  tamping  to  secure  as  uniform  a  concrete  as 
possible.  All  materials  were  proportioned  by  loose  volume,  and 
weights  were  taken  as  a  check  on  the  measurement.  The  mixing 
was  done  with  shovels  by  hand.  The  sand  and  cement  were  first 
mixed  dry;  the  stone,  which  had  previously  been  thoroughly 
moistened,  was  added  and  the  mass  then  turned  until  of  a  uniform 
appearance.  Water  was  then  added  in  such  proportion  as  to  give 
a  fairly  wet  mixture.  The  mass  was  again  turned  until  thoroughly 
mixed. 

Steel.  The  steel  reinforcing  bars  consisted  of  plain  round  rods 
and  deformed  bars.  The  round  rods  were  open  hearth  mild  steel. 
The  deformed  bars  were  square  corrugated  bars  with  "new  style" 
corrugations.  Two  grades  of  the  deformed  bars  were  used,  one 
of  mild  steel  for  some  of  the  stirrups  and  one  of  high  elastic  limit. 
Test  pieces  were  cut  from  all  the  reinforcing  bars  used.     Table 

5  gives  the  results  of  the  tests.  In  those  beams  which  failed  by  ten- 
sion in  the  steel  individual  results  are  recorded.  In  those  in  which 
the  tensile  strength  of  the  steel  was  not  developed  the  average 
of  all  tests  for  the  several  sizes  is  given.  Tests  of  Cummings' 
reinforcement  showed  the  yield  point  of  the  steel  to  be  about  44  000 
lb.  per  sq.  in. 

13.  Test  Beams. — In  all  the  tests  herein  described,  the  cross- 
section  of  the  beams  was  8x11  in.,  the  center  of  the  longitudinal 
reinforcement  being  placed  10  in.  below  the  top  surface  through- 
out at  least  the  middle  third  of  the  length  of  the  beam.  The  span 
length  varied  from  6  ft.  to  12  ft.     The  total  length  of  the  beam  was 

6  in.  more  than  the  span  length  in  the  beams  of  6  ft.  span  length, 
and  12  in.  more  in  the  12  ft.  lengths.  In  a  large  proportion  of  the 
beams,  the  reinforcing  bars  were  straight  from  end  to  end.  In 
the  beams  with  bars  bent  up,  the  bending  of  the  bars  began  at  a 
point  about  3  in.  outside  the  load  point  and  passed  diagonally  in 
a  slightly  curved  line  to  a  point  2i  in.  or  5  in.  from  the  top  of  the 
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beam  over  the  supports.  The  general  position  and  disposition 
of  the  bars  are  shown  in  Pig.  6,  and  the  details  are  given  in  Tables 
8,  11,  and  13.  The  arrangement  of  nuts  and  washers  at  the  end 
of  the  bars  and  of  hooked  ends,  as  used  in  some  of  the  beams,  is 
shown  in  Fig.  14  and  18. 

Included  in  the  beams  with  bars  bent  up  are  those  made  with 
the  Cummings5  unit  frame.  This  reinforcement  (see  Pig.  6)  con- 
sisted of  two  f-in.  round  rods  carried  straight  to  a  point  beyond 
the  supports  and  there  bent  and  welded  to  form  a  loop  near  the 
end  of  the  beam,  one  pair  of  f-in.  round  rods  bent  up  diagonally 
at  the  one- sixth  point  and  looped  and  welded  near  the  top  of  the 
beam,  and  another  pair  of  f-in.  round  rods  bent  up  at  a  point  8 
inches  from  the  one-sixth  point.  These  rods  were  connected 
laterally  with  the  f-in.  rods  at  the  points  of  bending  by  means  of 
steel  plates. 

In  beams  with  stirrups,  the  stirrups  were  U-shaped  and 
passed  under  the  longitudinal  bars  and  extended  to  the  top  of  the 
beam.  In  some  beams  the  stirrups  were  left  too  close  to  the  side 
of  the  beam  to  be  effective.  Fig.  6  shows  the  shape  of  the  stirrups 
and  their  general  spacing,  and  Pig.  16,  17  and  18  show  the 
arrangement  for  individual  beams.  The  size  and  spacing  of  the  stir- 
rups are  given  in  Table  13.  The  stirrups  were  placed  in  the  outer 
thirds  of  the  beams,  except  that  in  Beams  No.  229.1,  229.2,  229.5 
and  229.8  stirrups  were  placed  in  one  end  only.  The  stirrups  in 
Beams  No.  222.5,  222.6,  224.5  and  224.6  were  tapered  to  a  reduced 
section,  as  shown  in  Fig.  6.  The  longitudinal  reinforcing  bars 
were  straight,  except  in  Beam  No.  229.8,  in  which  two  bars  were 
bent  up  in  the  end  not  having  stirrups. 

Two  beams  were  reinforced  with  two  small  angles  riveted 
together  and  holding  between  them  a  web  of  expanded  metal  which 
extended  up  to  the  top  of  the  beam.  This  form  of  reinforcement 
was  used  by  the  company  furnishing  it.  The  arrangement  is 
shown  in  Fig.  6. 

For  general  data  of  beams  see  Table  8,  p.  34,  Table  11,  p.  35, 
and  Table  13,  p.  62. 

14.  Making  of  the  Beams. — The  beams  were  made  in  a  manner 
similar  to  that  described  in  Bulletin  No.  14.  They  were  built 
directly  on  the  concrete  floor  of  the  laboratory  with  a  strip  of  build- 
ing paper  beneath  the  forms.  The  forms  were  generally  removed 
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after  seven  days,  but  the  beams  were  not  moved  until  the  date  of 
test. 

15.  Minor  Test  Pieces. — In  many  cases  tests  were  made  on 
6-in.  cubes  from  the  batch  of  concrete  used  in  the  beams.  The 
results  are  given  in  Table  6.  In  addition  to  this  a  flexure  test  was 
made  of  a  plain  concrete  control  beam  or  check  beam  to  give  a 
means  of  judging  of  the  resistance  of  the  concrete  to  tension. 
These  control  beams  were  6  x  8  x  40  in.  and  were  tested  with  a  3-ft. 
span  and  one-third  point  loading.  In  testing,  they  were  placed 
on  a  wooden  base,  so  arranged  as  to  insure  a  good  distribution  of 
the  loads  and  pressures  across  the  width  of  the  beam,  the  wood 
acting  as  a  cushion  and  permitting  adjustment  for  any  warped  con- 
dition of  the  beam.  The  results  of  these  tests  are  given  in 
Tables  9,  10,  and  12. 

16.  Storage. — The  beams  were  left  on  the  floor  of  the  mixing 

TABLE  6. 

Compression  Tests  of  6-in.  Cubes. 

Series  of  1907. 


No. 


Kind  of 
Concrete 


A  ere  at 
Test 
days 


Maximum 

Load 

lb.  per  sq. 

in. 


No. 


Kind  of 
Concrete 


Age  at 
Test 
days 


Maximum 

Load 

lb.  per  sq. 

in. 


217.5 

221.1 

221.6 

222.6 

223.6 
223.6 
223.6 


211.1 

l-H-3 

211.1 

u 

211.1 

u 

211.1 

ii 

212.5 

1-2-4 

212.5 

(< 

212.5 

c< 

212.5 

u 

212.5 

u 

214.1 

1-4-8 

214.1 

it 

1-2-4 
1-2-4 
1-2-4 
1-2-4 
1-2-4 


352 

5080 

1 1 

5340 

u 

3640 

359 

4310 

357 

3610 

359 

3680 

K 

3200 

u 

3100 

u 

2870 

342 

1370 

344 

1260 

303 

1960 

334 

2570 

323 

2530 

267 

2110 

313 

4170 

316 

3842 

318 

4110 

224.5 

224.6 

225.7 
225.7 
225.7 

227.5 

227.5 
227.5 

235.6 
235.6 

241.6 
241.6 
241.6 

271.6 

271  6 
271  6 

417  6 

521  5 


1-2-4 
1-2-4 
1-2-4 


1-2-4 

1 1 


1-5-10 

a 

1-2-4 
> . 

1-2-4 

.  i 

u 

1-2-4 
1-2-4 


303 
267 

332 

336 
(c 

313 
316 
318 

334 

317 

325 
(< 

317 

325 
(< 

303 
323 


1960 

2110 

3730 
3400 
3240 

4170 
3842 
4110 

1165 
1150 

3300 
3120 
3030 

3300 
3120 
3030 

2420 

2530 
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TABLE  6— Continued. 
Compression  Tests  of  6-in.  Cubes. 
Series  of  1908. 


No. 


Kind  of 
Concrete 


Ages  at 
Test 
days 


Maximum 

Load 

lb-  per  sq. 

in. 


No. 


Kind  of 
Concrete 


Age  at 
Test 
days 


Maximum 

Load 

lb.  per  sq. 

in. 


210.1 
210.1 

210.1 

210.2 
210.2 
210.2 

210.3 
210.3 
210.3 

211.4 
211.4 
211.4 

213.3 
213.3 
213.3 

213.4 
213.4 
213.4 


214. 

214. 
214. 

215. 
215, 


215.3 

215.4 
215.4 
215.4 

215.5 
215.5 
215.5 

217.0 
217.0 
217.0 

217.1 
217.1 
217.1 

217.2 

217.2 
217.2 

217.4 
217.4 
217.4 


-2 


-3 


-6 


-6 


-1-2 

1-1-2 

jj 
1-1 

1-1 

1-3 

a 

a 

1-3 
u 

a 

1-4-8 

(< 
1-5-10 

u 
u 

1-5-10 

(c 
1-5-10 

4  i 
i   < 

1-2-4 

u 
(( 

1-2-4 


1-2 


1-2 


-4 


65 

(< 

u 

70 

u 

(< 

63 

(c 

a 

65 

a 
u 

65 

u 

t  i 

65 

i  i 

68 

u 
(( 

64 

i< 

u 

69 
(< 

(< 
60 

a 
u 

61 
it 

15 

i  * 

66 

f  ( 

I  I 

69 


4045 
3995 
3835 

5715 
4670 
5180 

3520 
3560 
3620 

3275 

3080 
3590 

1722 
1752 

1590 

1130 
1034 
1192 

1297 
1364 
1255 

1075 
1075 
1143 

1227 
1218 
1080 

942 

892 
872 

2980 
3340 

2670 

1310 
1135 

1140 

2330 
2100 

2070 

2880 
2900 
2060 


217.5 
217.5 
217.5 

218.2 
218.2 
218.2 

218.3 
218.3 
218.3 

218.4 
218.4 
218.4 

219.2 
219.2 
219.2 

220.2 
220.2 
220.2 

220.5 
220.5 
220.5 

221.3 
221.3 
221.3 

221.4 
221.4 
221.4 

223.2 
223.2 
223.2 

223.3 
223.3 
223.3 

229.1 
229.1 
229.1 

229.2 

229.2 
229.2 

229.5 
22!).  5 
229  5 


1-2-4 

u 

75 

i  i 

<  i 

1-2-4 

59 

>< 

a 

u 

1-2-4 

60 

u 

a 

(( 

1-2-4 

68 

i  i 

U 

1-2-4 

59 

<( 

(( 

1-2-4 

u 

59 

u 

u 

(( 

1-2-4 

u 

67 

(( 

( ( 

1-2-4 

57 

u 

u 

1-2-4 

62 

(( 

( ( 

1-2-4 
it 

57 

a 

<< 

1-2-4 

62 

a 

u 

1-2-4 

61 

(< 

i  i 

1-2-4 

u 

83 

(( 

a 

1-2  -4 

u 

75 

(( 

u 

1537 
1692 
1731 

2583 
2650 

2778 

2700 
2240 
2620 

1970 
1725 

1870 

2583 
2650 

2778 

2392 
2270 
2322 

2370 
2150 
2110 

2672 
2450 
2735 

1810 
1890 
1660 

2672 
2450 
2735 

1810 
1890 
1660 

2980 
3340 
2670 

3140 

2850 
3250 

1537 
1692 
1731 
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TABLE  6— Continued. 

Compression  Tests  of  6-in.  Cubes. 

Series  of  1908. 


No. 


Kind  of 
Concrete 


Age  at 
Test 
days 


Maximum 

Load 

lb.  per  sq. 

in. 


No. 


Kind  of 
Concrete 


Age  at 
Test 
days 


Maximum 

Load 

lb.  per  sq. 

in. 


233.3 
233.3 
233.3 

240.1 
240.1 
240.1 

240.2 
240.2 
240.2 

243.3 
243.3 
243.3 

252.6 
252.6 
252.6 

252.7 
252.7 
252.7 

253.1 
253.1 
253.1 

253.5 
253.5 
253.5 

253.6 
253.6 
253.6 

254.1 
254.1 
254.1 

255.1 
255.1 
255.1 

255.2 
255.2 
255.2 

256.1 
256.1 
256.1 

256.2 
256.2 
256.2 

331.1 
331.1 
331.1 


1-2-4 


1- 


2-4 


1 


1- 


1- 


1- 


1- 


1- 


1- 


1- 


-4 


-4 


-4 


-4 


-4 


-4 


-4 


4 


-4 


-4 
-4 


74 

a 
u 

62 

a 

a 

59 

(< 

a 

62 
(< 

59 
(< 

u 

59 

(  i 

I  I 

59 

a 

65 

a 

59 
it 

(< 

67 

a 

68 
(< 

61 
(< 

(< 

68 


61 


1700 
1520 
1410 

2750 
2490 

2580 

1770 
1810 
1770 

2750 
2490 
2580 

2392 
2270 
2322 

3008 
3194 
2964 

2392 
2270 
2322 

3480 
3730 
3770 

3008 
3194 
2964 

2025 
2160 
2125 

2360 
2300 
2040 

2430 
2475 
2470 

2360 
2300 
2040 

2430 
2475 
2470 

776 

834 

897 


331. 
331, 
331 

332. 
332, 
332. 


333.1 
333.1 
333.1 

342.2 
342.2 
342.2 

351.1 
351.1 
351.1 

351.2 
351.2 
251.2 

352.1 
352.1 
352.1 

352.2 
352.2 
352.2 

353.2 
353.2 
353.2 

361.1 
361.1 
361.1 

362.1 
362.1 
362.1 

362.2 

362 

362, 

363, 
363. 
363. 

363.2 
363.2 
363.2 


1-2-4 


1- 


2-4 


-4 


1- 


1- 


1- 


1- 


1- 


1-5 


1-5 


1-5 


1-5 


1-5 


o 


4-8 


10 


10 


10 


10 


10 


34 


11 


17 


69 


202 


14 


62 


63 


68 


49 


60 


69 


184 
i 

c 

68 


391 
410 
420 

1420 
1510 
1620 

626 
640 
738 

3880 
4030 
3640 

1420 
1131 
1232 

828 
752 
866 

1490 
1620 
1610 

1028 

997 

1000 

831 
745 

884 

1050 

1040 

985 

842 
937 

832 

1010 
820 

862 

733 

720 
1005 

570 

598 
640 
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room  until  the  date  of  test,  when  they  were  removed  to  the 
Materials  Testing  Laboratory.  They  were  dampened  occasionally 
to  prevent  too  rapid  drying.  The  temperature  ranged  from  55°  to 
70°  F.  Owing  to  incompleteness  of  the  heating  arrangement,  the 
temperature  of  the  room  during  the  early  part  of  the  period  of 
making  beams  in  1907  was  less  uniform  than  could  have  been 
desired,  and  the  beams  first  made  probably  did  not  have  as  favor- 
able conditions  for  setting  as  would  usually  be  the  case. 

17.  Method  of  Testing. — In  testing,  the  beams  were  loaded  at 
the  one-third  points,  as  described  in  Bulletin  No.  4,  page  34, 
except  that  in  Beams  No.  229.1,  229.2  and  229.5  a  single  load  was 
applied  at  the  one-third  point  next  to  the  end  having  the  stirrups. 
The  beams  were  all  tested  in  the  200  000-lb.  Olsen  testing  machine. 
The  bedding  of  the  plates  and  the  facilities  for  longitudinal 
adjustment  in  the  test  were  the  same  as  those  in  the  earlier  tests. 

Center  deflections  were  read  on  all  the  beams.  Deformations 
of  the  upper  fiber  and  steel  were  measured  on  only  part  of  the 
beams;  the  discussion  of  this  part  of  the  work  is  left  for  a  later 
bulletin.  The  methods  of  measuring  the  deflections  and  deforma- 
tions are  fully  described  in  Bulletin  No.  4. 

'  III.     Experimental  Data  and  Discussion. 

18.  Explanation  of  Tables. — Tables  8,  11,  and  13  give  data  of 
the  make-up  of  the  test  beams.  Tables  9,  12,  and  14  contain  data 
of  the  tests  of  the  beams.  The  per  cent  of  cement  recorded  in 
the  tables  is  based  upon  weights  and  is  given  in  terms  of  the 
aggregate  (stone  and  sand)  and  not  of  the  resulting  concrete. 
The  loads  given  in  the  tables  are  the  loads  applied  by  the  test- 
ing machine,  and  do  not  include  the  weight  of  the  beam.  The 
load  at  first  diagonal  crack  is  the  load  noted  when  the  first  diagonal 
crack  was  observed.  The  stress  in  the  longitudinal  reinforce- 
ment is  calculated  from  the  bending  moment,  taking  into  account 
the  weight  of  the  beam.  In  determining  the  amount  of  the  ver- 
tical shearing  stress  an  amount  was  added  to  include  the  effect  of 
the  weight  of  the  beam  at  about  the  one-sixth  point,  together 
with  the  loading  apparatus.  In  the  calculation  of  stresses, 
equation  (13),  p.  6,  M  =  Afd\  was  used  for  calculating  the  stress 
in  longitudinal  reinforcement.     The  vertical  shearing  unit  stress 

V 
was   calculated  with   equation  (18),  p.  9,  v  =  — '  and  the   bond 
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unit  stress  with  equation  (17),  p.  8, 


V 

u  — it.     The   values  of 

mod 

d'   were   selected  with  reference  to  the  amount  of  reinforcement 

and   the   modulus   of   elasticity  of  the  concrete.     The  moduli  for 

different   mixtures   and   ages   had   been  determined  by  another 

investigation,  and  the  values  of,/  (ratio  of  d'  to  d)  were  calculated 

by  the  method  given  in  Bulletin  No.  4.     The  values  of  j  used  are 

TABLE  7. 
Values  of  ]  Used  in  Calculations. 


Kind  of 

Reinforce- 
ment 
per  cent 

Age,  days 

Concrete 

7 

14 

30 

60 

1-1-2 
l-H-3 

u 

1-2-4 


1-3-6 
1-4-8 
1-5-10 


1.00 

1.00 
1.65 

1.00 
1.25 
1.30 
1.50 
1.65 
1.96 
2.20 
2.81 

1.00 

1.00 

1.00 
1.25 


.825 

.845 
.84 

.865 

.80 

.825 

.845 

.80 

.825 

.87 

.865 
.84 

.85 

.84 

.835 

.83 

.825 

.82 

.81 

.80 

.845 

.84 

.825 
.82 


given  in  Table  7.  In  all  cases,  whether  the  bars  were  bent  up 
or  not,  and  whether  there  were  stirrups  or  not,  the  foregoing 
formulas  for  shearing  stresses  and  bond  stresses  were  used. 
The  term  nominal  shearing  stress  is  employed,  as  noted  on  page 
18.  The  modulus  of  rupture  of  the  control  beams  was  calculated 
by  the  usual  rectangular  beam  formula.  The  stress  in  the 
stirrups  was  calculated  by  the  methods  given  on  page  18.  For 
the  bond  stress  in  stirrups  the  area  of  stirrup  available  was  con- 
sidered to  be  that  taken  by  a  length  of  stirrup  equal  to  six-tenths 
of  the  distance  from  the  top  of  the  beam  to  the  center  of  the 
reinforcing  bars. 
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Fig.  7.    Views  of  I  {hams  after  Test. 
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19.  Deflection  Diagrams. — Diagrams  showing  the  center 
deflections  of  the  various  beams  for  the  applied  loads  are  given 
in  Fig.  19  to  25  at  the  end  of  the  text. 


A.      BEAMS   WITHOUT   WEB    REINFORCEMENT. 

20.  Beams  without  Web  Reinforcement. — In  beams  without 
web  reinforcement  which  fail  by  diagonal  tension,  the  first  sign 
of  approaching  failure  to  be  noted  is  a  small  diagonal  crack 
generally  found  somewhat  below  the  middle  of  the  depth  of  the 
beam  at  a  point  about  half  way  between  the  load  point  and  the 
end  support.  Sometimes  it  seems  to  start  at  the  level  of  the 
reinforcing  bars,  or  is  not  noted  until  it  has  extended  that  far 
down,  running  from  a  vertical  crack  which  has  already  formed  up 
to  that  level.  As  the  load  on  the  beam  is  increased,  the  crack 
lengthens  and  extends  from  the  level  of  the  reinforcing  bar 
diagonally  upward,  reaching  the  load  point  or  to  within  a  few 
inches  of  the  load  point  at  or  near  the  maximum  load  carried. 
The  angle  which  the  crack  makes  with  the  horizontal  and  its 
position  with  reference  to  the  support  and  load  point  depend  upon 
the  strength  of  the  concrete  forming  the  web,  upon  the  length  or 
slenderness  of  the  beam,  and  upon  the  amount  of  reinforcement. 

In  one  or  two  cases  the  crack  extended  diagonally  from  the 
support  to  the  load  point.  In  many  beams  a  longitudinal  crack 
formed  along  the  upper  level  of  the  reinforcing  bars  toward  the 
support,  the  bars  stripping  off  from  the  concrete  above  by  the 
action  of  vertical  tension.  The  views  in  Fig.  7  show  various 
forms  of  cracks  in  beams  of  the  1907  series.  The  characteristics 
of  these  cracks  will  be  taken  up  farther  on.  Generally  the  beam 
finally  carried  a  load  greater  than  that  applied  when  the  diagonal 
crack  was  first  noted,  but  in  many  of  the  beams  no  crack  was 
noted  until  the  maximum  load  was  reached,  and  then  failure  along 
this  diagonal  crack  was  sudden  and  complete.  In  general,  after 
the  maximum  load  was  reached,  the  load  fell  off  at  once,  and  a 
dead  load  would  have  produced  instant  failure. 

The  disposition  of  bars  used  in  this  group  (no  bars  bent  up 
and  no  stirrups)  permits  a  comparison  of  the  resistance  of  the  con- 
crete to  diagonal  tension  without  the  complication  which  would 
otherwise  exist.  As  the  bars  extended  beyond  the  beam  supports 
(li  in.  in  the  6-f t.  span,  and  3  in.  in  the  12-ft.  span),  there  is  a  some- 
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TABLE  8. 

Data  of  Beams  without  Web  Reinforcement. 

Series  of  1907. 


Cement 

Reinforcement 

Spun 

Beam 
No. 

Kind  of 
Concrete 

Kind 

Per  cent 

Description 

1 

Per  cent 

Length 
feet 

218.5 

l-H-3 

u 

18.8 

4  |-in.  round 

0.98 

6 

218.6 

do. 

u 

18.8 

do. 

0.98 

6 

211.3 

l-H-3 

AA 

20.6 

4  ^-in.  round 

0.98 

6 

211.1 

do. 

AA 

22.2 

3  f-in.  round 

1.65 

6 

211.2 

do. 

AA 

21.1 

do. 

1.65 

6 

216.1 

1-2-4 

AA 

15.7 

4  ^-in.  round 

0.98 

6 

216.2 

do. 

AA 

14.6 

do. 

0.98 

6 

216.5 

do. 

U 

15.9 

do. 

0.98 

6 

216.6 

do. 

U 

10.6 

do. 

0.98 

6 

217. 5i 

1-2-4 

U 

15.9 

4  i-in.  round 

0.98 

6 

217.6 

do. 

U 

10.6 

do. 

0.98 

6 

217.52 

do. 

U 

15.7 

do. 

0.98 

6 

212.7 

1-2-4 

u 

15.4 

4  l-in.  round 

0.98 

6 

212.1 

1-2-4 

AA 

16.1 

5  |-in.  round 

1.23 

6 

212.2 

do. 

AA 

15.3 

do. 

1.23 

6 

212.5 

do. 

U 

15.1 

do. 

1.23 

6 

212.6 

do. 

U 

15.5 

do. 

1.23 

6 

613  2 

do. 

AA 

13.4 

do. 

1.23 

6 

616.2 

do. 

AA 

do. 

1.23 

6 

251.1 

do. 

AA 

14.6 

4  i-in.  cor. 

1.25 

6 

251.2 

do. 

AA 

17.5 

do. 

1.25 

6 

25J.3 

do. 

AA 

14.3 

do. 

1.25 

6 

251.4 

do. 

AA 

14.3 

do. 

1.25 

6 

417.5 

1-2-4 

U 

15.6 

4  f-in.  round 

1.53 

12 

417.6 

do. 

U 

15.6 

do. 

-1.53 

12 

611.1 

1-2-4 

AA 

lb.5 

4  f-in.  round 

1.53 

6 

611.2 

do. 

AA 

IS. 8 

do. 

1.53 

6 

612.1 

do. 

AA 

15.4 

do. 

1.53 

6 

612.2 

do. 

AA 

15.8 

do. 

1.53 

6 

613.1 

do. 

AA 

15.4 

do. 

1.53 

6 

616.1 

do. 

AA 

15.8 

do. 

1.53 

6 

617.1 

do. 

A  A 

16.0 

do. 

1.53 

6 

617.2 

do. 

AA 

15.5 

do. 

1.53 

6 

213.1 

1-3-6 

AA 

10.7 

4  i-in.  round 

0.98 

6 

213.2 

do. 

AA 

10.3 

do. 

0.98 

6 

414.5 

do. 

U 

11.2 

do. 

0.98 

12 

414.6 

do. 

U 

13.0 

do. 

0.98 

12 

214.1 

1-4-8 

A  A 

8.4 

do. 

0.98 

6 

214.2 

do. 

A  A 

8.5 

do. 

0.98 

6 

415.1 

do. 

AA 

8.2 

do. 

0.98 

12 

415.2 

do. 

A  A 

7.1 

do. 

0.98 

12 

U  5 . 5 

do. 

r 

8.0 

do. 

0.98 

12 

415.6 

do. 

[• 

8.0 

do. 

0.98 

12 

215.1 

1-5-10 

A  A 

6.5 

4  J-in.  round 

0.98 

6 

215.2 

do. 

A  A 

6.5 

do. 

0.98 

6 

416.5 

do. 

U 

6.4 

do. 

0.98 

12 

416.6 

do. 

U 

5.7 

do. 

0.98 

12 

[<  lontinued  on  page  86. 
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TABLE  9. 
Tests  of  Beams  without  Web  Reinforcement. 
Series  of  1907. 
All  beams  failed  by  diagonal  tension  unless  otherwise  noted. 


Age 
days 

Load   at 
First 

Diagonal 
Crack 
pounds 

Maximum 

Applied 

Load 

pounds 

Stress  in 
Longi'nal 
Reinforce- 
ment 
lb.  per  sq.in. 

Vertical 
Shearing 
Stress 
lb-  per 
sq. in. 

Bond 
Stress 
lb.  per 
sq.  in. 

Control  Beam 

Beam 
No. 

Modulus  of 

Rupture 
lb.  per  sq.in. 

Age 
days 

218.5 

14 

12  000 

13  000 

24  500 

103 

139 

248 

U~ 

218.6 

14 

12  000 

14  900 

27  900 

114 

148 

248 

14 

211.3 

61 

18  000 

19  100 

34  300 

144 

194 

354 

61 

211.1 

63 

18  000 

29  000 

31  800 

222 

251 

331 

61 

211.2 

67 

15  000 

18  300 

20  200 

142 

160 

310 

57 

216.1 

7 

9  000 

18  000 

71 

95 

223 

62 

216.2 

7 

6  000 

6  000 

12  300 

54 

73 

135 

10 

216.5 

9 

10  000 

10  000 

19  900 

86 

116 

202 

10 

216.6 

8 

8  900 

8  900 

17  800 

76 

103 

137 

10 

217.52 

14 

11  000 

11  600 

22  300 

94 

127 

202 

10 

217.6 

14 

12  000 

12  000 

23  100 

97 

131 

138 

10 

217. 5i 

25 

12  000 

14  600 

27  200 

114 

154 

147 

23 

212.7 

60 

18  100 

18  100 

33  400 

138 

186 

336 

77 

212.1 

63 

19  000 

20  000 

29  700 

155 

167 

228 

61 

212.2 

59 

14  000 

20  900 

31  000 

162 

175 

305 

57 

212  5 

64 

14  000 

15  400 

23  000 

121 

131 

221 

61 

212.6 

61 

14  000 

17  000 

25  300 

132 

143 

246 

57 

613.2 

61 

18  000 

18  500 

27  500 

144 

156 

280 

94 

616.2 

63 

20  000 

24  700 

36  5()0 

190 

205 

260 

94 

251.1 

60 

19  200 

19  200 

28  100 

149 

149 

291 

63 

251.2 

60 

14  500 

14  500 

21  300 

114 

114 

183 

61 

251.3 

60 

12  300 

12  800 

18  800 

102 

102 

238' 

61 

251.4 

60 

14  000 

14  000 

20  600 

110 

110 

288 

61 

417.5 

61 

12  000 

30  400 

100 

102 

229 

62 

417.6 

63 

10  500 

26  800 

89 

91 

189 

63 

611.1 

57 

16  000 

19  000 

22  900 

149 

152 

293 

60 

611.2 

61 

22  400 

22  400 

27  000 

175 

178 

252 

55 

612.1 

57 

10  000 

19  500 

23  500 

153 

156 

339 

60 

612.2 

61 

14  000 

18  450 

22  200 

145 

148 

613.1 

57 

12  000 

14  000 

17  000 

111 

113 

307 

60 

616.1 

60 

18  000 

20  000 

24  100 

156 

159 

249 

64 

617.1 

62 

16  000 

21   700 

26  100 

169 

172 

304 

61 

617.2 

57 

18  000 

22  250 

26  800 

173 

176 

304 

60 

213.1 

63 

9  000 

12  400 

23  100 

98 

132 

178 

60 

213.2 

57 

11  000 

11  400 

21  300 

90 

121 

204 

65 

414.5 

59 

7  920 

31  600 

6!) 

93 

414.6 

61 

8  430 

33  500 

72 

97 

214.1 

62 

11  000 

11  300 

21  200 

90 

121 

179 

56 

214.2 

57 

9  500 

9  500 

17  900 

77 

104 

174 

57 

415.1 

75 

8  680 

34  300 

75 

101 

135 

78 

415.2 

62 

7  220 

29  000 

64 

86 

188 

87 

415.5 

57 

7  000 

28  300 

62 

84 

151 

63 

415.6 

62 

8  000 

30  400 

70 

95 

125 

63 

215.1 

62 

10  000 

10  200 

19  100 

84 

113 

174 

56 

215.2 

61 

8  000 

8  600 

19  900 

72 

97 

416.5 

65 

5  060 

21  300 

49 

66 

109 

61 

416.6 

70 

5  830 

24  100 

54 

73 

118 

63 

(Continued  on  page  37 
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ILLINOIS   ENGINEERING   EXPERIMENT   STATION 

TABLE  8.— Continued. 

Data  of  Beams  without  Web  Reinforcement. 

Series  of  1908. 


Cement 

Reinforcement 

Span 

Beam 

No. 

Kind  of 
Concrete 

Kind 

Per  cent 

Description 

Per  cent 

Length 
feet 

210.1 

1-1-2 

AA 

28.5 

4  |-in.  round 

0.98 

6 

210.3 

do. 

AA 

30.7 

do. 

0.98 

6 

210.2 

do. 

AA 

29.6 

do. 

0.98 

6 

343.2 

do. 

AA 

29.8 

6  i-in.  round 

1.47 

12 

341.3 

do. 

AA 

30.1 

4  |-in.  round 

0.98 

12 

211.4 

l-U-3 

AA 

19.8 

4  ^-in.  round 

0.98 

6 

211.5 

do. 

AA 

19.5 

do. 

0.98 

6 

331.1 

1-2-4 

AA 

15.7 

4  i-in.  round 

0.98 

12 

331.3 

do. 

AA 

14.9 

do. 

0.98 

12 

332.1 

do. 

AA 

15.3 

do. 

0.98 

12 

217.0 

1-2-4 

AA 

15.3 

4  Hn.  round 

0.98 

6 

217.1 

do. 

AA 

14.9 

do. 

0.98 

6 

333.1 

do. 

AA 

14.5 

do. 

0.98 

12 

217.3 

1-2-4 

AA 

16.5 

4  i-in.  round 

0.98 

6 

217.5 

do. 

AA 

14.3 

do. 

0.98 

6 

217.2 

1-2-4 

AA 

14.9 

4  i-in.  round 

0.98 

6 

217.4 

do. 

AA 

14.4 

do. 

0.98 

6 

218.1 

do. 

AA 

14.7 

do. 

0.98 

6 

218.2 

do. 

AA 

14.7 

do. 

0.98 

6 

218.3 

do. 

AA 

15.1 

do. 

0.98 

6 

218.4 

do. 

AA 

15.1 

do. 

0.98 

6 

254.1 

do. 

AA 

14.3 

5  %-in.  round 

1.23 

8 

254.2 

do. 

AA 

15.3 

do. 

i.23 

8 

252.5 

1-2-4 

U 

15.0 

4  Hn.  cor.  h.  s. 

1.25 

6 

252.6 

do. 

AA 

14.7 

do. 

1.25 

6 

252.7 

do. 

U 

14.6 

do. 

1.25 

6 

253.5 

do. 

rj 

14.5 

do. 

1.25 

12 

253.6 

do. 

u 

14.6 

do. 

1.25 

6 

219.1 

1-2-4 

AA 

14.7 

6  |-in.  round 

1.47 

6 

219.2 

do. 

AA 

14.7 

do. 

1.47 

6 

240.2 

do. 

AA 

14.2 

3  |-in.  round*     - 

1.65 

6 

255.1 

do. 

AA 

15.3 

3  f-in.  round 

1.65 

10 

255.2 

do. 

A  A 

13.4 

7  ^-in.  round 

1.71 

10 

220.5 

do. 

U 

14.1 

2  1-in.  round 

1.96 

6 

220.1 

do. 

AA 

16.5 

4  f-in.  round 

2.21 

6 

220.2 

do. 

AA 

14.1 

do. 

2.21 

6 

256.1 

do. 

AA 

14.2 

do. 

2.21 

12 

256.2 

do. 

AA 

14.6 

do. 

2.21 

12 

253.1 

do. 

AA 

14.7 

4  f-in.  cor.  h.  s. 

2.81 

12 

336.3 

do. 

A  A 

14.5 

5  i-in.  round 

1.23 

1L> 

213.3 

1-3-6 

AA 

11.0 

4  i-in.  rouna 

0.98 

6 

213.4 

do. 

AA 

9.5 

do. 

0.98 

6 

351.2 

1-4  8 

AA 

7.3 

dc. 

0.98 

12 

♦Washers  held  by  nuts  on  both  faces. 


[Continued  on  page  38, 
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TABLE  9.— Continued. 
Tests  of  Beams  without  Web  Keinforcement. 
Series  of  1908. 
All  beams  failed  by  diagonal  tension  unless  otherwise  noted. 


Beam 
No. 


Age 
days 


Load  at 

First 

Diagonal 

Crack 

pounds 


Maximum 
Applied 

Load 
pounds 


Stress  in 
Longi'nal 
Reinforce- 
ment 

lb.  per  sq.in, 


Vertical 

Shearing: 
Stress 
lb.  per 
sq.  in. 


Bond 
Stress 
lb.  per 

sq.  in. 


Control  Beam 


Modulus  of 
Rupture 

lb. per  sq.  in. 


Age 
days 


210.1 

63 

210.3 

60 

210.2* 

72 

343.2 

73 

341.3* 

253 

211.4 

63 

211.5 

72 

331.1 

7 

331.3 

4 

332.1 

< 

217.0 

14 

217.1 

15 

333.1 

17 

217.3 

32 

217.5 

37 

217.2 

63 

217.4* 

81 

218.1* 

65 

218.2 

67 

218.3 

60 

218.4 

61 

254.1 

63 

254.2 

75 

252.5 

66 

252.6 

66 

252.7 

64 

253.5 

66 

253.6 

64 

219.1 

65 

219.2 

67 

240.2 

64 

255.1 

63 

255.2 

63 

220.5 

67 

220.1 

68 

220.2 

66 

256.1 

64 

256.2 

71 

253.1 

67 

336.3 

251 

213.3 

68 

213.4 

67 

351.2 

14 

25  000 
20  000 
18  000 
12  000 
7  600 

16  000 
15  900 


7  000 
2  900 

8  000 

15  400 

13  500 
7  000 

17  900 

13  000 


16  000 
19  000 

19  000 
14  000 

17  000 
16  000 

16  000 

25  000 

20  800 

19  000 

17  000 

25  000 

20  000 

18  000 

16  000 

17  000 

17  000 
23  850 
27  000 
13  000 

18  000 
20  000 
12  000 

20  000 
9  000 


25  640 
24  500 
31  000 
16  900 

12  000 

18  800 
24  200 

7  750 

2  900 

8  600 

16  200 

14  000 
7  500 

18  500 

13  600 

20  000 
24  700 
24  900 
23  000 

16  600 

17  300 
16  740 

22  200 

26  000 

20  800 

23  700 

18  450 

24  500 

25  200 

21  700 
20  500 

18  900 

20  000 

19  400 
23  850 

27  000 
18  210 

21  000 

21  300 

14  800 

22  150 

13  300 

3  340 


45  800 
43  800 
55  300 

41  700 
45  000 

34  100 

43  700 

33  000 
14  400 
36  300 

30  900 

26  800 

31  000 

34  300 
25  400 

36  800 
45  100 
45  600 

42  200 

30  600 

31  900 

33  400 

44  000 

37  800 

30  400 

34  500 
55  200 

35  700 

31  600 

27  200 
23  100 

36  000 
36  700 
18  500 
20  500 

23  000 
31  900 
36  700 
29  700 

45  300 

40  900 

24  900 

7  200 


190 
182 
229 
134 
96 

142 
181 

72 
33 

78 

128 

111 

66 

143 
107 

152 

187 
188 
175 
128 
133 
132 
172 

199 
161 
182 
147 

188 

193 
169 
161 
151 
162 
155 
190 
214 
150 
172 
174 
109 

170 
104 

32 


257 
246 
309 
121 
130 

192 

245 

97 

45 

105 

173 
150 

89 

193 
145 

205 
252 
254 
236 
178 
180 
143 
166 

199 
161 

182 
147 

188 

174 

152 

182 

171 

125 

98 

162 

182 
l28 

146 
144 
111 

230 

140 

43 


492 
390 
553 
766 
607 

395 

448 

29 
140 

213 

400 

227 
157 

278 

301 

439 
333 
422 
445 


452 
365 

333 
422 

321 

492 

243 

427 
492 

281 

348 

281 

197 

97 


61 
60 
69 
69 
251 

68 
71 

3 

11 

7 

63 
15 
17 

75 

67 
87 
70 
61 
69 


72 
59 

70 
61 
66 
64 

67 

72 
64 
64 

251 

68 
66 

14 


*  Tension  failure. 


[Continued  on  page  39. 
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ILLINOIS   ENGINEERING   EXPERIMENT   STATION 

TABLE  8.— Continued. 

Data  of  Beams  without  Web  Reinforcement. 

Series  of  1908. 


Beam 
No. 


Kind  of 
Concrete 


Cement 


Kind 


Per  cent 


Reinforcement 


Description 


Per  cent 


Span 

Length 

feet 


214.3 

1-4-8 

AA 

7.3 

214.4 

do. 

AA 

7.7 

214.5 

do. 

AA 

7.7 

352.1 

do. 

AA 

7.4 

352.2 

do. 

AA 

7.5 

353.2 

do. 

AA 

7.3 

351.1 

do. 

AA 

7.2 

215.3 

1-5-10 

AA 

6.5 

215.4 

do. 

AA 

6.2 

215.5 

do. 

AA 

5.7 

361.1 

do. 

AA 

6.8 

362.1 

do. 

AA 

6.2 

362.2 

do. 

AA 

6.1 

363.2 

do. 

AA 

6.1 

361.2 

do. 

AA 

6.1 

363.1 

do. 

AA 

6.0 

4  i-in.  round 
do. 
do. 
do. 
do. 
do. 

do. 

do. 
do. 
do. 
do. 
do. 
do. 
do. 
do. 
do. 


0.98 
0.98 
0.98 
0.98 
0.98 
0.98 

0.98 

0.98 
0.98 
0.98 
0.98 
0.98 
0.98 
0.98 
0.98 
0.98 


6 
6 
6 

12 
12 
12 

12 

6 
6 
6 

12 
12 
12 
12 
12 
12 


what  greater  area  of  bar  to  resist  bond  stress  than  is  taken  into 
account  in  the  formula.  The  amount  of  this  is  not  large  and  the 
excess  of  bond  area  is  less  than  is  generally  found  in  actual 
reinforced  concrete  construction;  the  effect  upon  calculations  cf 
diagonal  tension  and  shear  is  slight.  It  should  be  borne  in  mind 
also  that  in  these  tests  the  load  was  applied  by  increasing  it  con- 
tinuously to  failure.  It  must  be  expected  that  repeated  appli- 
cations of  a  load  will  have  considerable  effect  upon  the  resistance 
of  the  web  to  diagonal  tension,  especially  after  diagonal  cracks 
have  formed.  Just  what  proportion  of  the  load  which  produces 
failure  in  the  ordinary  test  would  finally  cause  failure  by  repetitive 
loading  is  not  known.  The  critical  load  is  probably  between 
that  for  first  crack  and  the  ordinary  breaking  load. 

For  reasons  already  given,  the  vertical  shearing  unit- stress 
will  be  used  as  the  measure  or  means  of  comparison  for  the  resist- 
ance of  concrete  to  diagonal  tensile  stresses,  and  the  values  of  the 
vertical  shearing  stresses  are  given  for  this  purpose.  The  test 
beams  were  planned  to  give  information  along  several  lines, — (a) 
the  effect  of  the  amount  of  cement,  (b)  the  effect  of  the  age  of  the 
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Age 
days 

Load  at 

First 

Diagonal 

Crack 

pounds 

Maximum 
Applied 

Load 
pounds 

Stress  in 
Longi'nal 
Reinforce- 
ment 
lb.  per  sq.in. 

Vertical 

Shearing 

Stress 

lb.  per 

sq.  in. 

Bond 
Stress 
lb  per 
sq.  in. 

Control  Beam 

Beam 
No. 

Modulus  of 

Rupture 
lb.  per  sq.in. 

Age 
days 

214.3 

67 

14  450 

14  450 

27  200 

113 

153 

183 

67 

214.4 

72 

12  000 

13  200 

24  800 

103 

139 

140 

70 

214.5 

64 

12  000 

13  800 

26  000 

108 

14(5 

352.1 

62 

7  500 

9  100 

36  300 

78 

105 

224 

62 

352.2 

65 

7  000 

7  400 

30  100 

65 

88 

353.2 

73 

6  600 

8  020 

32  400 

70 

95 

160 

69 

351.1 

192 

7  000 

7  000 

28  700 

62 

84 

184 

192 

215.3 

66 

9  700 

9  700 

18  800 

80 

108 

132 

79 

215.4 

71 

9  700 

10  000 

19  300 

82 

111 

176 

60 

215.5 

67 

8  900 

8  900 

17  300 

74 

93 

176 

60 

361.1 

67 

6  800 

6  800 

28  400 

62 

84 

173 

70 

362.1 

67 

6  700 

6  700 

28  000 

61 

82 

362.2 

68 

4  300 

4  300 

19  200 

43 

58 

88 

70 

363.2 

73 

3  500 

3  500 

16  200 

37 

50 

94 

69 

361.2 

254 

4  600 

4  600 

19  600 

45 

61 

38 

251 

363.1 

190 

8  010 

8  010 

32  800 

72 

97 

96 

62 

test  beam,  (c)  the  effect  of  the  length  of  beam  as  compared  with 
its  depth,  and  (d)  the  effect  of  the  amount  of  reinforcement. 
These  topics  will  be  discussed  in  order,  together  with  the  relation 
of  the  strength  of  the  beam  to  that  of  the  auxiliary  test  pieces 
and  the  amount  of  the  load  at  which  the  first  diagonal  cracks 
were  noted.  Generally  speaking,  the  beams  were  planned  to 
give  diagonal  tension  failure.  The  results  of  the  tests  of  several 
beams  made  for  other  purposes  have  been  utilized,  however,  in 
order  to  extend  the  range  of  the  work,  even  though  the  failure 
was  not  by  diagonal  tension.  Failures  other  than  by  diagonal 
tension  are  noted  in  the  tables. 

21.  Effect  of  Amount  of  Cement. — The  purpose  of  one  set  of 
tests  was  to  find  the  effect  upon  web  resistance  of  quality  of  con- 
crete as  influenced  D37-  amount  of  cement  used.  It  is  evident,  of 
course,  that  the  richness  and  the  strength  of  the  concrete  will 
have  a  very  decided  influence  on  resistance  to  web  stresses.     In 
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Table  9  (p.  35,  37  and  39)  are  given  the  values  of  the  vertical  shear- 
ing stresses  for  beams  having  a  variety  of  proportions  of  cement. 
The  effect  of  amount  of  cement  upon  resistance  to  diagonal  ten- 
sion in  beams  of  6-ft.  span  at  an  age  of  about  60  days  is  brought 
out  in  Fig.  8  in  which  values  for  1  %  beams  of  6-ft.  span 
tested  at  an  age  of  about  60  days  are  platted.  The  general  aver- 
age values  of  the  vertical  shearing  unit-stress  for  beams  of  6-ft. 
span  about  60  days  old  for  the  two  years  may  be  stated  as  fol- 
lows: 1-1-2  concrete,  180  and  200  lb-  per  sq.  in.;  1-2-4  concrete, 
130  and  150  lb.  per  sq.  in.,  1-3-6  concrete,  95  and  120  lb.  per  sq. 
in.;  1-4-8  concrete,  80  and  110  lb.  per  sq.  in.  The  results  of  a 
wider  range  of  experiments,  reduced  to  values  for  1  %  rein- 
forcement and  8i-ft.  span  length  (span  =  10  d)  by  the  method 
which  is  explained  on  page  45,  are  platted  in  Fig.  12,  and  are  dis- 
cussed on  page  46. 


/75 


30 


Per  Cent  of  Cement 


Fig.  8.    Diagram  Showing  Effect  of  Amount  of  Cement  upon  Web 

Resistance. 


The  variation  from  average  values  found  in  individual  beams 
should  be  noted,  and  the  possibility  of  such  variation  suggests 
the  desirability  of  choosing  a  lower  working  stress  than  would 
otherwise  be  necessary.  It  is  evident  from  these  tests  that  the 
addition  of  cement  gives  a  considerable  gain  in  resistance  to  diag- 
onal tension  and  that  a  rich  concrete  should  be  used  in  the  web  of 
reinforced  concrete  beams  which  are  subjected  to  any  consider- 
able amount  of  diagonal  tension,  especially  if  there  is  no  metallic 
web  reinforcement  or  the  web  reinforcement  is  not  effective. 
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Diagram  Showing  Effect  of  Age  upon  Web  Resistance. 


22.  Effect  of  Age. — It  is  important  to  know  at  what  age  con- 
crete may  be  permitted  to  resist  web  stresses,  as,  for  example,  to 
know  the  effect  of  removal  of  forms  and  supports.  In  Pig.  9  the 
vertical  shearing  stress  which  beams  6-ft.  long  developed  at  vari- 
ous ages,  taken  from  Table  9,  are  platted.  These  may  be  ex- 
pected to  represent  the  web  strength  of  beams  of  the  dimensions 
used  for  the  temperatures  and  conditions  of  the  laboratory.  The 
results  show  considerable  variation,  as  is  to  be  expected.  A 
rapid  increase  with  age  may  be  noted  at  the  earlier  ages,  and  a 
slower  change  for  the  older  beams.  The  lean  concretes  attain 
their  strength  more  slowly.  Attention  is  called  to  the  results  of 
Beams  No.  336.3,  361.2  and  363.1  in  Table  9.  These  results  indi- 
cate little  or  no  gain  beyond  that  attained  in  the  ordinary  test 
period. 

23.  Relation  to  Strength  of  Auxiliary  Test  Pieces. — In  building 
construction  some  auxiliary  test  may  be  used  with  advantage  to 
check  up  the  quality  of  the  concrete  placed  in  beams  in  which 
diagonal  tension  is  the  critical  stress.  The  writer  has  suggested 
the  form  of  flexure  test  piece  here  called  the  "control  beam"  for 
this  purpose.  The  modulus  of  rupture  determined  from  the  test 
of  the  plain  concrete  control  beam  is  representative  of  the  tensile 
strength  of  the  concrete  and  may  be  used  as  its  measure,  although 
it  does  not  give  the  actual  tensile  strength  of  the  concrete.  The 
resistance  of  the  beam  to  diagonal  tension  is  dependent  upon  the 
tensile   strength   of  the  concrete.      If  the  ratio  which    may   be 
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TABLE  10 

Vertical  Shearing  Stress,  Modulus  of  Rupture, 
and  Compressive  Strength. 

The  ratios  given  are  the  ratios  of  the  vertical  shearing  stress  to  the  modulus  of  rupture  of 
control  beams  in  one  case,  and  to  compressive  strength  of  6  in.  cubes  in  the  other.  Beams 
have  various  percentages  of  reinforcement.  Except  as  otherwise  noted,  the  age  of  all  beams, 
control  beams  and  cubes  was  approximately  60  days.  The  exact  age  and  amount  of  reinforce- 
ment are  given  in  Tables  6,  8  and  9. 


Vertical 

Control 

Crushing 

No.  of 
Beam 

Year 

Kind  of 
Concrete 

Shearing 
Stress 
lb.  per 
sq.  in. 

Beam 

Modulus  of 

Rupture 

lb.  per 

sq.  in. 

Ratio 

Strength  of 

6-in-  Cubes 

lb.  per 

sq.  in. 

Ratio 

210.1 

1908 

1-1-2 

190 

492 

.39 

i       3960 

.048 

210.3 

(< 

n 

182 

390 

.47 
Av.     .43 

3570 

.051 
.050 

211.3 

1907 

l-li-3 

144 

354 

.41 

211.1* 

a 

(( 

222 

331 

.67 

4590 

.048 

211.2 

a 

a 

142 

310 

.46 

211.4 

1908 

a 

142 

395 

.36 

3320 

.043 

211.5 

a 

i  i 

181 

448 

.40 
Av.     .46 

.046 

212.7 

1907 

1-2-4 

138 

336 

.41 

212.1 

ft 

t< 

155 

228 

.68 

212.2 

a 

a 

162 

305 

.53 

212.5* 

ti 

a 

121 

221 

.55 

3290 

.037 

212.6 

a 

a 

132 

246 

.54 

613.2* 

n 

i  i 

144 

280 

.51 

616.2* 

a 

a 

190 

260 

.73 

251.1 

a 

a 

149 

291 

.51 

251.2 

a 

n 

114 

183 

.62 

251.3 

a 

1 1 

102 

238 

.43 

251.4 

a 

a 

110 

288 

.38 

417.5 

a 

a 

100 

229 

.44 

417.6* 

a 

u 

89 

189 

.47 

2420 

.037 

611. L 

a 

I  i 

149 

293 

.51 

611.2 

i  i 

n 

175 

252 

.69 

612.1 

a 

it 

153 

339 

.45     - 

613.1 

a 

a 

111 

307 

.36 

616.1 

a 

a 

156 

249 

.63 

617.1 

i  i 

u 

169 

304 

.56 

617.2 

a 

ii 

173 

304 

.57 

217.2 

1908 

a 

152 

301 

.51 

2170 

.070 

217.4* 

" 

a 

187 

439 

.43 

2910 

.064 

218.1 

ii 

it 

188 

333 

.56 

218.2 

a 

a 

175 

422 

.41 

2670 

.066 

218.3 

a 

i  t. 

128 

445 

.29 

2520 

.051 

218.4 

a 

i  i 

133 

1855 

.072 

254.1 

it 

a 

132 

2100 

.063 

252 . 6 

a 

i  i 

161 

452 

.36 

2330 

.069 

252.7 

a 

a 

182 

3055 

.060 

253 . 5 

a 

a 

117 

305 

.41 

3660 

.040 

*  For  the  age  of  these  tests  see  Tables  6,  8  and  9. 
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TABLE  10.— Continued. 


Vertical 

Control 

Beams 

Modulus  of 

Rupture 
lb.  per 
sq.  in. 

Crushing 

No.  of 
Beam 

Year 

Kind  of 
Concrete 

Shearing 
Stress 
lb.  per 
sq.  in. 

Ratio 

Strength  of 

tj-in.  Cubes 

lb.    per 

sq.  in. 

Ratio 

253.6 

1908 

1-2-4 

188 

3060 

.061 

219.1 

u 

193 

333 

.58 

219.2 

(( 

169 

422 

.40 

2670 

.063 

240.2 

(( 

161 

321 

.50 

1780 

.090 

255.1 

u 

151 

492 

.31 

2230 

.068 

255.2 

(( 

162 

2460 

.066 

220.5 

u 

155 

243 

.64 

2210 

.070 

220.2 

(( 

214 

427 

.50 

2330 

.092 

256.1 

C( 

150 

492 

.31 

2230 

.067 

256.2 

(< 

172 

281 

.61 

2460 

.070 

253.1 

ti 

174 

Av.     .50 

2330 

.075 
.064 

213.1 

1907 

1-3-6 

98 

178 

.55 

213.2 

(< 

1 1 

90 

204 

.44 

213.3 

1908 

(< 

170 

281 

.61 

1690 

.101 

213.4 

a 

u 

104 

197 

.53 
Av.     .53 

1120 

.093 
.097 

214.1* 

1907 

1-4-8 

90 

179 

.50 

1315 

.068 

214.2 

u 

77 

174 

.44 

415.1 

(( 

75 

135 

.56 

415.2 

(( 

64 

188 

.34 

415.5 

u 

62 

151 

.41 

415.6 

u 

70 

125 

.56 

214.3 

1908 

113 

183 

.62 

214.4 

ti 

103 

140 

.74 

1305 

.079 

352.1 

u 

78 

224 

.35 

1570 

.050 

352.2 

u 

65 

1010 

.064 

353.2 

»< 

70 

160 

.44 

Av.     .50 

820 

.085 
.069 

215.1 

1907 

1-5-10 

84 

174 

.48 

416.5 

(< 

I  4 

49 

109 

.45 

416.6 

(< 

(  t 

54 

118 

.46 

215.3* 

1908 

u 

80 

132 

.61 

1100 

.073 

215.4 

u 

(( 

82 

176 

.47 

1175 

.070 

215.5 

k( 

(( 

74 

176 

.42 

900 

.082 

361.1 

u 

a 

62 

173 

.36 

102-") 

.060 

362.1 

(( 

1 1 

61 

870 

.070 

362.2 

u 

(< 

43 

88 

.49 

900 

.048 

363.2 

u 

(( 

37 

94 

i 

.39 
Av.     .46 

600 

.062 

.066 

For  the  age  of  these  tests  see  Tables  6.  8  and  9. 
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expected  between  the  vertical  shearing  strength  of  the  reinforced 
concrete  beam  and  the  modulus  of  rupture  of  the  control  beam  be 
established,  this  ratio  and  the  nexural  strength  of  the  control 
beam  may  be  used  as  a  measure  of  the  quality  of  the  concrete  to 
resist  web  stresses.  It  will  be  seen  that  this  ratio  may  vary  with 
different  proportional  dimensions  of  beams  and  with  different 
amounts  of  cement,  but  if  the  ratios  be  determined  for  the  various 
conditions,  this  method  should  be  helpful  as  an  aid  to  securing 
substantial  construction. 

Table  10  gives  the  ratios  of  the  vertical  shearing  unit- stress 
of  the  reinforced  concrete  beams  to  the  modulus  of  rupture  of  the 
control  beam  for  the  test  beams  for  which  control  beams  were  made 
in  those  cases  where  the  age  of  both  test  beam  and  control  beam 
was  60  days  or  thereabouts,  and  for  a  few  other  cases.  As  only 
one  control  beam  was  made  for  each  test  beam,  it  may  be  expected 
that  there  will  be  considerable  variation  in  the  results.  The  aver- 
age of  the  ratios  is  about  0.50. 

The  values  of  the  modulus  of  rupture  of  the  control  beams 
may  be  helpful,  in  connection  with  other  tests,  in  determining 
what  values  should  be  specified  to  secure  a  desired  grade  of 
concrete. 

The  ratio  of  the  vertical  shearing  unit-stress  to  the  compres- 
sive strength  given  by  the  cube  tests  is  also  given  in  Table  10  for 
the  cases  where  the  conditions  of  test  are  comparable.-  The  ratios 
are  fairly  uniform.  The  usefulness  of  making  field  test  pieces 
for  tests  such  as  the  flexure  test  and  the  compression  test  of 
cubes  or  cylinders  is  a  subject  worthy  of  consideration  by 
constructors. 
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Fig.  lo.    Diagram  Showing  Effect  of  Amount  of  Reinforcement 

upon  Web  Resistance 
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24.  Effect  of  Amount  of  Reinforcement. — Fig.  10  gives  values 
of  vertical  shearing  stress  developed  with  the  several  percentages 
of  reinforcement  used.  These  beams  were  all  of  6  ft.  span  and 
1-2-4  concrete  and  were  tested  at  about  60  days'  age  and  all  failed 
by  diagonal  tension.  It  is  evident  that  the  shearing  stress 
developed  in  these  tests  is  greater  for  beams  with  the  larger  rein- 
forcement. It  is  possible  that  this  change  is  due  to  the  greater 
deformation  (or  greater  curvature  in  the  elastic  curve)  of  the 
beams  having  light  reinforcement.  Possibly  the  fact  that  at  the 
same  load  tension  cracks  will  be  present  in  the  concrete,  at  points 
nearer  the  supports  in  the  beam  with  the  lighter  reinforcement 
on  account  of  the  higher  tensile  stresses  developed  in  the  rein- 
forcing steel,  has  a  bearing  upon  the  difference  in  web  resistance. 
That  the  bond  stresses  developed  are  not  the  occasion  of  the 
variation  may  be  judged  from  the  fact  that  the  beams  reinforced 
with  deformed  bars  carried  no  higher  loads  than  those  with  plain 
round  rods. 
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Fig.  11.    Effect  of  Slenderness  of  Beam  upon  Web  Resistance. 

Pig.  10  has  been  used  for  the  purpose  of  reducing  the  values 
of  shear  found  in  the  various  tests  to  the  basis  of  1  %  rein- 
forcement, the  amount  of  the  stress  being  platted  at  the  proper 
point  and  then  carried  to  the  1  °/o  line  by  keeping  propor- 
tionally distant  from  the  curves  shown  in  the  figure.  This 
enables  further  comparisons  to  be  made. 

25.  Effect  of  Ratio  of  Length  of  Span  to  Depth  of  Beam. — In  Fig. 
11  have  been  platted  values  of  web  resistance  for  three  percent- 
ages of  reinforcement  and  for  four  spans  and  length  ratios,  which 
are  thought  to  be  representative  of  the  results  of   the   tests  for 
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1908.  These  have  been  selected  from  average  values  and 
reduced  to  a  common  basis  by  the  use  of  the  other  diagrams.  The 
effect  of  slenderness  of  beam,  as  well  as  of  amount  of  reinforce- 
ment, is  brought  out  in  this  diagram.  The  figure  has  been  used 
in  reducing  other  results  to  a  common  basis,  in  a  manner  similar 
to  that  described  in  the  preceding  paragraph. 

26.  Appearance  of  First  Diagonal  Crack. — The  applied  load  at 
which  the  appearance  of  a  diagonal  crack  was  noted  is  given  in 
Table  9.     In  some  of  the  tests  no  special  care  was  taken  to  observe 
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Fig.  12.    Values  for  Web  Resistance. 

the  cracks  and  this  may  account  for  part  of  the  variability  shown. 
In  the  younger  and  leaner  concretes  the  crack  was  noted  but 
little  before  the  maximum  was  reached,  and  frequently  not  until 
failure  occured.  In  the  richer  and  stronger  concretes  more  warn- 
ing generally  was  given,  and  in  some  beams  which  carried  high 
loads  the  diagonal  crack  was  visible  for  some  time  before  failure. 

27.  Value  of  Vertical  Shearing  Stress. — In  Fig.  12  are  platted 
results  of  tests  for  1908 — all  reduced  to  a  basis  of  1  %  rein- 
forcement and  83-ft.  span  length  (10 d)  by  the  use  of  Fig.  11,  as 
previously  described.  It  is  seen  that  there  is  a  great  variation 
in  the  results,  and  this  may  be  expected  in  a  material  like  con- 
crete. In  the  selection  of  working  stresses,  allowance  for 
the  possibility  of  such  variations  in  reinforced  concrete  construc- 
tion should  be  made. 

The  marked  effect  of  the  addition  of  cement  is  of  interest,  and 
it  is  evident  that  an  effective  way  to  provide  higher  web  resist- 
ance is  to  increase  the  richness  of  the  concrete.  Attention  is  also 
called  to  the  very  low  strengths  found  in  the  1906  tests,  reported  in 
I  bulletin  No.  14. 
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Diagonal  tension  weakness  in  reinforced  concrete  construc- 
tion should  be  guarded  against.  In  failures  by  tension  in  steel  or 
by  compression  in  concrete  warning  may  be  expected  through 
abnormal  deflections,  but  in  beams  without  web  reinforcement 
diagonal  tension  failures  occur  suddenly  and  generally  without 
warning.  It  seems  important,  therefore,  that  relatively  low  work- 
ing stresses  in  shear  be  used  or  that  effective  web  reinforcement 
be  provided,  and  that  special  care  be  taken  in  the  construction  of 
parts  having  high  shearing  stresses. 

B.       BEAMS  WITH  REINFORCING  BARS  BENT  UP. 

28.  Beams  with  Reinforcing  Bars  Bent  up — The  beams  of  this 
series  were  of  1-2-4  concrete  and  6-f t.  span  length .  The  varia- 
tions included  (see  Fig.  13,  14,  and  15)  (a)  bars  bent  up  to  a  point 
2i  in.  below  the  top  of  the  beam  at  the  end,  (b)  bars  bent  up  to 
5  in.  below  the  top,  (c)  bars  bent  up  to  2i  in.  below  the  top  and 
nuts  and  washers  attached  at  the  end  of  the  bars,  (d)  bars  bent 
up  to  5  in.  below  the  top  and  nuts  and  washers  attached,  and  (e) 
part  of  the  bars  bent  up  and  part  of  them  straight.  There  will 
also  be  included  in  this  class  the  beams  made  with  the  Cummings' 
unit  frame.  This  form  of  reinforcement  is  described  on  page  26. 
Table  11,  page  56,  and  Table  12,  page  57,  give  data  of  beams  and 
tests . 

29.  Phenomena  of  Tests  of  Beams  with  the  Reinforcing  Bars  Bent 
Up. — As  may  be  expected,  in  the  beams  with  all  the  bars  bent  up, 
as  soon  as  the  concrete  at  the  bottom  was  sufficiently  stretched, 
a  vertical  tension  crack  formed  at  some  point  between  the  beam 
support  and  the  bend  of  the  bar,  extending  from  the  bottom  of 
the  beam  to  the  level  of  the  reinforcing  bars,  (see  Fig.  13,  14, 
and  15).  After  the  formation  of  this  vertical  crack,  the  tension 
in  this  part  of  the  beam  is  taken  mainly  by  the  reinforcing  bar; 
and  as  its  depth  below  the  top  of  the  beam  (and  therefore  the 
moment  arm  of  the  resisting  forces)  is  considerably  less  than  in 
beams  having  the  bars  horizontal  throughout,  the  tensile  stress 
developed  in  the  bar  at  this  section  is  greater  than  in  beams  hav- 
ing the  reinforcement  horizontal  throughout.  The  vertical  shear- 
ing unit- stress  actually  developed  is  also  greater  than  in  beams 
having  the  bars  horizontal,  and  the  resulting  diagonal  tensile 
stress  is  therefore  greater.     As   the   tensile  stress  in  the  steel  at 
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this  section  is  greater  than  when  the  bars  are  horizontal,  the 
amount  of  bond  brought  into  action  toward  the  end  of  the  bar  must 
be  greatly  increased.  There  is  evidently,  then,  a  greater  chance 
for  slip  of  bar  in  such  beams  than  in  beams  where  straight  rein- 
forcement is  used.  The  formation  of  the  vertical  cracks  gives  a 
good  starting  point  for  diagonal  tension  cracks,  and  the  uneven 
distribution  of  stresses  in  the  concrete  due  to  this  crack  makes 
diagonal  tension  failures  occur  at  a  lower  load  than  would  other- 
wise be  the  case.  Generally,  in  these  tests,  in  the  beams  which 
did  not  fail  by  tension  in  the  steel,  the  failure  came  through 
diagonal  tension.  The  inclined  crack  wThich  opened  up  along  the 
line  of  the  bent-up  bars,  as  the  concrete  below  gradually  split  off, 
may  be  said  to  be  the  occasion  of  final  failure,  though  the  failure 
was  essentially  by  diagonal  tension.  Whether  slip  occurred  after 
this  crack  extended  along  the  bars  nearly  to  their  ends  is  a  mat- 
ter of  some  interest. 

The  action  of  the  beams  having  nuts  and  wTashers  and  of 
beams  with  part  of  the  bars  straight  will  be  seen  to  be  somewhat 
different  from  the  foregoing. 

The  following  are  brief  notes  of  the  tests.  The  location  of 
the  cracks  is  shown  in  Fig.  13,  14,  and  15.  The  heavy  lines 
indicate  cracks  along  which  failure  took  place.  Reference  may  be 
made  to  Tables  11  and  12. 

No.  511.1.  At  13  000  lb.  the  first  noticeable  crack  appeared  at  2  ft.  to 
right  of  center  and  extended  from  the  bottom  vertically  3  in.  to  the  level 
of  the  reinforcement  and  then  diagonally  toward  the  load  point  5  in.  At 
14  000  lb.  a  vertical  crack  appeared  2  ft.  5  in.  to  left  of  center  and  extended 
to  the  reinforcing-  bars.  From  this  point  it  finally  ran  diagonally  almost 
to  the  load  point.  The  beam  failed  at  18  000  lb.,  the  crack  following  the 
reinforcing  bars  to  the  end  of  the  beam.  The  load  then  dropped  quickly  to 
6000  lb.  where  it  remained  constant  for  some  time. 

No.  511.2.  At  13  000  lb.  a  crack  appeared  1  ft.  10  in.  to  left  of  center 
and  extended  to  the  reinforcing  bars.  At  15  000  lb.  this  crack  had  extended 
diagonally  almost  to  the  top  of  the  beam,  4  in.  to  the  left  of  the  load  point. 
The  load  of  15  000  lb.  was  held  for  15  minutes,  due  to  a  break  in  the 
machine.  The  beam  failed  at  20  000  lb.,  the  load  then  dropped  slowly  to 
4000  lb.,  and  the  crack  on  the  left  extended  along  the  reinforcement  almost 
to  the  end  of  the  beam.  An  examination  of  the  beam  made  afterward 
showed  that  the  bars  had  slipped  J  in.  in  the  left  end. 

No.  512.1.  At  15  000  lb.  two  cracks  were  noted,  one  2  ft.  5  in.  to  the 
right  and  the  other  2  ft.  1  in.  to  the  left  of  center,  extending  upward  lo 
the  reinforcing  bars.  At  18  000  lb.  a  crack  appeared  2  ft.  6  in.  to  the  left 
of  center  and  extended  to  the  reinforcing  bars,  branching  oil*  diagonally  to 
the  right  toward  the  load  point  and  to  the  left  along  the  reinforcing  bars. 
The  maximum  load  was  19  000  lb.  and  the  load  gradually  dropped  to  2000  lb. 
An  examination  of  the  beam  showed  that  the  rods  at  the  left  end  had 
slipped  slightly.    The  crack  had  followed  the   reinforcing  bars  to  the  end. 
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No.  512.2.  At  14  0001b.  a  crack  appeared  1  ft.  n  in.  to  left  of  center  and 
extended  toward  the  load  point.  At  16  000  lb.  a  crack  was  observed  2  ft. 
2  in.  to  left  of  center,  which  extended  vertically  to  the  reinforcing- bars  and 
from  here  started  toward  the  load  point.  The  beam  failed  quite  suddenly 
at  a  load  of  17  350  lb.,  and  the  crack  followed  the  reinforcing-  bars  to  t lie 
end  of  the  beam.  An  examination  of  the  beam  showed  that  the  bars  had 
slipped  £  in. 

No.  531.1.  This  beam  failed  in  a  manner  similar  to  No.  512. 1  and  at  a 
load  but  500  lb.  greater.  The  crack  at  1  ft.  10  in.  to  right  of  center 
appeared  at  14  000  lb.  and  the  beam  failed  at  19  500  lb.,  the  crack  following 
the  reinforcing  bars  to  the  end  of  the  beam. 

No.  531.2.  At  12  000  lb.  a  crack  appeared  2  ft.  to  left  of  center  and 
extended  vertically  to  the  reinforcing  bars.  At  18  000  lb.  this  crack  was 
5  in.  above  the  bottom  and  was  extending  toward  the  left  load  point.  At 
14  000  lb.  a  similar  crack  appeared  2  ft.  to  right  of  center  and  extended  in 
the  same  way.  At  22  000  lb.  a  slight  hair  crack  was  noted  following  the  line 
of  the  reinforcement.  The  beam  failed  by  the  opening  of  the  crack  at 
24  000  lb. 

No.  532.1.  At  18  000  lb.  a  diagonal  crack  appeared  at  2  ft.  5  in.  to  right 
of  center  and  the  beam  finally  failed  along  this  crack.  The  maximum  load 
was  20  000  lb. 

No.  532.2.  At  the  maximum  load  of  18  0001b.  a  diagonal  crack  extended 
from  the  right  end  toward  the  load  point.  The  bars  slipped  after  the 
diagonal  tension  failure  occurred. 

No.  554.1.  At  13  600  lb.  a  vertical  crack  appeared  1  ft.  10  in.  to  left  of 
center  and  one  2  ft.  to  the  right  of  center  which  extended  4  in.  high  to 
another  crack.  At  17  900  lb.  the  beam  failed  as  shown  in  the  sketch  in 
Fig.  14. 

No.  554.2.  At  10  800  lb.  a  vertical  crack  appeared  2  ft.  to  the  left  of 
center,  extending  up  to  the  reinforcement,  thence  along  the  reinforcement 
to  the  end  of  the  beam.  A  similar  crack  appeared  1  ft.  9  in.  to  the  right 
of  center.  At  a  maximum  load  of  17  500  lb.  the  beam  failed  along  the  crack 
to  the  left  of  center. 

No.  513.1.  At  9  000  lb.  a  crack  appeared  2  ft.  to  left  of  center  and 
extended  vertically  to  the  reinforcing  bars.  The  beam  failed  suddenly  at 
16  700  lb.     The  crack  followed  the  reinforcement  to  its  end. 

No.  513.2.  At  10  000  lb.  a  crack  appeared  2  ft.  to  left  of  center,  extend- 
ing vertically  to  the  reinforcing  bars.  As  the  load  increased  this  crack 
extended  diagonally  toward  the  load  point.  The  beam  failed  at  16  400  lb.; 
this  crack  following  the  reinforcing  bars  to  the  end. 

No.  514.1.  At  10  000  lb.  a  crack  appeared  at  1  ft.  10  in.  to  right  of 
center  and  extended  to  the  reinforcement.  The  beam  failed  suddenly  at 
21 100  lb.  by  this  crack  running  along  the  reinforcement  to  the  nuts.  At 
failure  a  crack  appeared  at  the  nut,  running  back  toward  the  load  point. 
The  diagonal  crack  shown  closed  up.  This  is  a  peculiar  failure  and  differs 
from  others  of  its  set.  As  noted  elsewhere  the  washers  were  not  locked  to 
the  end  nuts  in  this  beam. 

No.  514.2.  This  beam  is  noteworthy  because  it  failed  through  tension 
in  the  steel,  although  a  crack  was  visible  along  the  reinforcing  bars.  At 
14  000  lb.  a  crack  appeared  to  the  right  of  the  right  load  point  and  finally 
extended  some  distance  toward  the  load  point.  At  19  000  lb.  slight  cracks 
were  seen  following  the  reinforcement  from  this  crack.  At  KiOOO  lb.  a 
vertical  crack  3  in.  long  appeared  at  the  center  and  also  a  crack  below  the 
left  load  point  which  extended  upward  4  in.  At  the  maximum  load  of 
22  200  lb.  this  crack  was  8  in.  high,  and  opening  considerably,  showing  fail- 
ure by  tension  in  the  steel.  At  18  000  lb.  a  vertical  crack  6  in.  long  was 
noted*  1  ft.  6  in.  to  left  of  center  andat  the  maximum  load  it  was  8  in.  long. 
The  deflection  of  the  beam  at  the  maximum  load  was  0.2  in.  and  the  load 
remained  within  1000  lb.  of  the  maximum  until  the  deflection  was  0.43  in. 
Crushing  of  the  concrete  at  the  top  of  the  beam  occurred  under  the 
increased  deflection. 
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No.  514.3.  At  12  000  lb.  a  crack  appeared  1  ft.  8  in.  to  right  of  center 
and  extended  vertically  4  in.  At  18  000  lb.  a  crack  had  branched  off  from 
the  first  crack  and  followed  the  reinforcement  for  a  short  distance.      At 

22  000  lb.  a  crack  appeared  under  the  right  load.    At  the  maximum  load  of 

23  500  lb.  this  crack  was  8  in.  high  and  as  the  deflection  of  the  beam  was 
increased  the  crack  opened  up  almost  to  the  top  of  the  beam  and  finally  the 
concrete  began  to  crush  at  the  top.  The  beam  failed  by  tension  in  the 
steel.  The  effect  of  the  anchorage  is  shown  in  that  the  inclined  crack 
did  not  extend  to  the  end  of  the  bar. 

No.  541.1.  At  16  000  lb.  the  first  crack  appeared  at  1  ft.  10  in.  to  left 
of  center  and  was  2|  in.  long.  At  18  000  lb.  it  had  extended  toward  the  load 
point  until  it  was  5  in.  from  the  bottom  of  the  beam  and  at  28  000  lb.  it 
was  7  in.  A  similar  crack  appeared  at  1  ft.  10  in.  to  right  of  center  at 
18  000  lb.  and  at  26  000  It),  this  crack  was  visible  7  in.  above  the  bottom  of 
the  beam.  At  18  000  lb.  cracks  were  noted  under  the  two  load  points.  At 
22  000  lb.  a  crack  5  in.  to  right  of  center  was  2  in.  high.  At  the  maximum 
load  of  29  600  lb.  this  crack  was  6  in.  long.  This  load  was  held  almost  con- 
stant for  some  time  and  the  beam  failed  by  tension  in  the  steel,  followed  by 
crushing  of  the  concrete  at  the  top  of  the  beam. 

No.  541.2.  This  beam  failed  in  a  manner  similar  to  No.  541.1.  At 
12  000  lb.  the  first  crack  appeared  1  ft.  7  in.  to  right  of  center  and  extended 
4  in.  toward  the  load  point.  At  14  000  lb.  a  similar  crack  appeared  1  ft. 
10  in.  to  left  of  center.  At  16  000  lb.  this  crack  was  8  in.  above  the  bottom 
of  the  beam.  At  16  000  lb.  a  small  vertical  crack  was  observed  near  the 
center.  The  maximum  load  was  28  450  lb.  The  beam  failed  by  tension  in 
the  steel. 

No.  551.1.  At  14  000  lb.  a  crack  appeared  1  ft.  10  in.  to  right  of  center, 
extending  vertically  3  in.  At  16  000  lb.  a  similar  crack  appeared  2  ft.  1  in. 
to  left  of  center.  At  22  000  lb.  a  slight  vertical  crack  was  noted  under  the 
right  load  point.  This  gradually  extended  upward  until  the  maximum  load 
of  24  700  lb.  was  reached.  The  beam  failed  by  tension  in  the  steel  and  an 
examination  showed  that  the  rods  had  scaled.  The  cracks  in  the  other  one- 
third  did  not  develop  to  any  extent. 

No.  551.2.  At  14  000  lb.  two  cracks  appeared;  one  2  in.  long  at  the  right 
one-third  point  and  one  4  in.  long  near  the  left  one-third  point.  At  16  000 
lb.  a  vertical  crack  6  in.  long  was  noted  1  ft.  11  in.  to  left  of  center.  At 
18  000  lb.  three  more  vertical  cracks  were  noted  in  the  middle  third.  The 
beam  failed  at  a  load  of  22  000  lb.  by  the  crack  in  the  left  third  of  the  beam 
extending  to  the  load  point  and  at  the  same  time  following  the  line  of  hor- 
izontal reinforcement.  This  diagonal  tension  failure  wr.s  at  a  load  which 
nearly  developed  the  elastic  limit  of  the  steel. 

No.  552.1.  At  22  000  lb.  a  crack  appeared  10  in.  to  left  of  left  load 
point  5  in.  high  and  at  23  000  lb.  one  14  in.  to  right  of  right  load  point  4  in. 
high.  Failure  at  25  000  lb.  by  the  extension  of  the  first  crack  to  the 
load  point. 

No.  552.2.  At  24  000  lb.  a  crack  appeared  10  in.  to  right  of  right  load 
point  5  in.  high,  and  at  25  000  lb.  one  17  in.  to  right  of  right  load  point  5  in. 
high.  At  28  000  lb.  these  cracks  were  opening  and  lengthening.  At  30  000 
lb.  the  cracks  were  extended  well  toward  the  load  point.  Final  failure  came 
at  the  left  end,  the  crack  reaching  from  support  to  load  point. 

No.  553.1.  At  24  000  lb.  a  diagonal  crack  appeared  2  ft.  4  in.  to  right  of 
center  and  at  24  700  lb.  one  at  2  ft.  10  in.  to  left  of  center.  These  cracks 
gradually  lengthened  and  at  28  800  lb.  the  beam  failed  by  diagonal  tension. 
It  will  be  noted  that  the  failure  crack  extended  to  the  support. 

No.  553.2.  At  24  000  lb.  a  diagonal  crack  appeared  1  ft.  10  in.  to  right 
of  center,  at  25  000  lb.  another  at  2  ft.  5  in.  to  right  of  center,  and  at  26  000 
lb.  one  at  2  ft.  6  in.  to  left  of  center.  These  cracks  gradually  opened  and 
lengthened  and  at  31000  lb.  the  maximum  load  was  reached.    The  crack  at 
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the  right  end  extended  almost  to  the  load  point,  and  the  final  failure  came 
at  the  crack  at  the  left  end  which  reached  from  support  to  load  point. 

No.  521.1.  This  is  the  Cummings'  unit  frame  reinforcement.  It  should 
be  noted  that  the  cracks  outside  the  load  points  were  small  and  did  not  ex- 
tend far,  and  that  failure  was  by  tension  in  the  steel  at  a  high  vertical 
shearing  stress.  At  20  000  lb.  the  first  crack  appeared  at  4  in.  to  right  of 
center  and  extended  upward  4  in.  At  22  000  lb.  a  crack  appeared  2  ft.  6  in. 
to  right  of  center,  extending  upward  6  in.  Another  crack  4  in.  long  was 
noted  1  ft.  5  in.  to  the  left  of  center,  inclined  toward  the  load  point.  At 
28  000  lb.  slight  vertical  cracks  were  noted  1  ft.  10  in.  to  right  of  center  and 
2  ft.  8  in.  to  left  of  center.  The  beam  failed  by  tension  in  the  steel  at  the 
crack  near  the  center,  the  maximum  load  being  31 100  lb.  The  load  ran 
near  the  maximum  for  some  time  as  the  deflection  was  increased  and  finally 
the  concrete  crushed  slowly  at  the  top. 

No.  521.2.  Another  Cummings'  reinforcement.  The  first  noticeable 
crack  was  at  the  center  of  the  beam  at  16  000  lb.,  extending  upward  3  in. 
At  18  000  lb.  a  slight  crack  appeared  at  the  left  one-third  point.  At 
20  000  lb.  two  cracks  appeared  both  inclined  toward  the  load  points,  one 
2  ft.  3  in.  to  left  of  center  and  the  other  2  ft.  to  right  of  center.  At  22  000 
lb.  a  vertical  crack  appeared  at  8  in.  to  right  of  center  and  at  24  000  lb.  at 
6  in.  to  left.  At  26  000  1b.  a  crack  6  in.  long  appeared  ]  ft.  6  in.  to  left 
of  center  and  inclined  toward  the  load  point.  At  the  maximum  load  of 
35  000  lb.  the  crack  at  the  center  had  gradually  extended,  opening  up,  and 
the  beam  failed  by  tension  in  the  steel.  The  load  remained  near  the  maxi- 
mum under  further  deflection  and  crushing  of  the  concrete  at  the  top  of 
the  beam  finally  occured.  The  beam  held  34  000  lb.  until  a  deflection  of 
nearly  0.5  in.  had  been  reached.  The  outer  cracks  had  not  developed  par- 
ticularly and  there  was  no  appearance  of  cracks  in  the  direction  of 
the  reinforcement. 

No.  521.5.  Another  Cummings'  reinforcement.  At  20  000  lb.  a  crack 
appeared  2  ft.  3  in.  to  right  of  center,  inclined  slightly  toward  the  left.  At 
24  000  lb.  slight  vertical  cracks  were  noted  at  the  left  one-third  point.  At 
26  000  lb.  a  crack  appeared  2  ft.  4  in.  to  left  of  center  and  inclined  toward 
the  load  point.  At  this  load  a  vertical  crack  2  in.  long  was  observed  1£  in. 
to  right  of  center.  At  32  500  lb.  this  crack  had  opened  almost  to  the  top  of 
the  beam  and  the  beam  failed  by  tension  in  the  steel.  The  load  carried 
dropped  and  crushing  of  the  concrete  finally  occurred. 

No.  521.6.  Another  Cummings' reinforcement.  At  16  000  lb.  an  inclined 
crack  6  in.  long  was  visible  2  ft.  4  in.  to  left  of  center.  At  18  000  lb.  an  in- 
clined crack  1  ft.  11  in.  to  right  of  center  appeared  which  at  26  000  lb.  had 
extended  8  in.  from  the  bottom  of  the  beam.  It  finally  reached  almost  to 
the  load  point.  At  18  000  lb.  a  vertical  crack  2  in.  long  appeared  6  in.  to 
left  of  center.  At  20 000  lb.  a  vertical  crack  2  in.  long  was  noted  at  the 
center  of  the  beam.  The  beam  carried  a  maxjmum  load  of  26  200  lb.  The 
deflection  diagram  is  somewhat  different  from  the  other  beams.  The 
method  of  failure  was  evidently  by  tension  in  the  steel  aided  by  a  yielding 
of  the  concrete  which  decreased  the  moment  arm.  The  stress  in  the  steel 
is  therefore  greater  than  the  calculations  make  it.  There  was  evidence 
that  the  concrete  in  this  beam  was  not  so  good  as  in  the  other  beams. 

30.  Web  Resistance  with  All  Bars  Bent  Up. — It  seems  to  make  lit- 
tle difference  in  results,  either  as  to  the  load  carried  or  as  to  the 
manner  of  failure,  whether  the  bars  were  bent  up  to  a  point  close 
to  the  top  of  the  beam  or  to  a  point  5  in.  below  the  top.  For  No. 
511.1  and  511.2  the  value  of  the  nominal  vertical  shearing  stress 
developed  was  145  lb.  per  sq.  in.  and  for  No.  512.1  and  512.2,  140 
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lb.  per  sq.  in.  In  both  sets  vertical  cracks  (see  Pig.  13,  14,  and  15) 
appeared  in  the  outer  thirds  of  the  span  length,  running  up  to 
the  reinforcing  bars.  These  cracks  formed  at  a  nominal  vertical 
shearing  stress  averaging  105  lb.  per  sq.  in.  in  No.  511.1  and 
511.2,  and  112  lb.  per  sq.  in.  in  No.  512.1  and  512.2.  These  cracks 
generally  appeared  at  points  about  7  in.  from  the  supports,  though 
in  one  beam  the  crack  which  caused  failure  was  14  in.  from  the 
support.  The  diagonal  crack  extended  well  to  the  load  point 
before  the  maximum  load  was  reached.  Under  these  conditions  the 
inclined  crack  along  the  reinforcing  bars  extended  and  opened, 
due  mostly  to  the  stiffness  of  the  lower  segment  of  the  beam  next 
to  the  support  which  had  no  stresses  tending  to  bend  it.  At  final 
failure  there  was  a  slip  of  the  bars  at  their  ends,  although  the 
diagonal  crack  was  the  real  cause  of  failure.  The  opening  or 
extension  of  the  inclined  cracks  helped  to  concentrate  the  bond 
stresses  near  the  end  of  the  bar  until  these  stresses  must  have 
become  very  large.  The  result  of  No.  513.1  and  513.2,  in  which 
the  bars  were  hooked  downward  at  their  ends,  indicates  that  the 
bars  were  peeled  off,  so  to  speak,  although  in  this  case  the  tension 
in  the  rod  would  have  to  be  carried  around  its  end  through  the 
concrete.  In  passing,  it  may  be  noted  that  it  had  been  planned 
to  hook  these  bars  upward  but  the  workmen  made  the  bend  down- 
ward. 

No.  531.1  and  531.2,  which  had  a  higher  percentage  of  rein- 
forcement and  therefore  had  developed  less  stretch  in  the  steel  and 
less  bond  stress  at  a  given  load  and  less  deflection,  gave  results 
higher  than  512.1  and  512.2,  say  20  per  cent  more,  though  the 
method  of  failure  was  the  same.  The  amount  of  bond  surface  avai  l- 
able  was  20  per  cent  greater.  No.  532.1  and  532.2,  which  were  rein- 
forced with  corrugated  bars,  developed  a  value  of  the  nominal 
vertical  shearing  stress  of  150  lb.  per  sq.  in.;  No.  554.1  and  554.2 
gave  lower  results,  138  lb.  per  sq.  in.  As  the  bond  surface  avail- 
able in  these  four  beams  was  about  the  same  as  in  No.  531.1  and  531.2 
and  as  the  deformed  bar  would  have  much  greater  bond  resist- 
ance, it  would  seem  that  the  failure  of  the  beams  with  bars  bent 
up  was  not  due  primarily  to  slip  of  bars.  A  more  probable  occa- 
sion of  failure  is  the  splitting  of  the  concrete  along  the  line  of 
the  inclined  bars  after  the  diagonal  cracks  have  formed  by  rea- 
son of  the  lack  of  flexural  action  in  the  concrete  below  the  inclined 
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TABLE  11. 

Data  of  Beams  with  Reinforcing  Bars  Bent  Up. 

Series  of  1907. 
Span  length  6  feet. 


Kind 

Cerrent 

Longitudinal    Reinforcement 

Beam 

of 
Con- 
crete 

No. 

Kind 

Per 
cent 

Description 

Per 

cent 

Disposi  ion 

511.1 

511.2 
512.1 
512.2 

1-2-4 

do. 
do. 
do. 

AA 
AA 
AA 
AA 

16.7 
16.5 
16.3 
15.7 

4  i-in.  round 
do. 
do. 
do. 

0.98 
0.98 
0.98 
0.98 

Bent  to  2i  in.  of  top 

do. 
Bent  to  5  in.  of  top 

do. 

531.1 
531.2 

do. 
do. 

AA 
AA 

15.7 
15.5 

4  f-in.  round 
do. 

1.53 
1.53 

do. 
do. 

532.1 
532.2 
554.1 
554.2 

do. 

do. 
do. 
do. 

AA 
AA 
AA 
AA 

14.6 
14.3 
17.5 
14.3 

4  i-in.  cor.  h.  s. 
do. 
do. 
do. 

1.25 
1.25 
1.25 
1.25 

do. 

do. 

Bent  to  2|  in.  of  top 

do. 

513.1 
513.2 

514.1 
514.2 
514.3 

do. 
do. 

do. 
do. 
do. 

AA 
AA 

AA 
AA 
AA 

15.1 
15.6 

16.0 
15.8 
15.5 

4  i-in.  round 
do. 

do. 
do. 
do. 

0.98 
0.98 

0.98 
0.98 
0.98 

Bent  to  2i  in.  of  top  and 
hooked  downward    at 
ends 

Bent  to  2|  in.  of  top,  with 
nuts  and  washers 
.do. 

541.1 
541.2 

do. 
do. 

AA 
AA 

15.9 
16.0 

4  f-in.  round 
do. 

1.53 
1.53 

Bent  to  5  in.  of  top, with 
nuts  and  washers 

551.1 
551.2 
552.1 
552.2 

do. 
do. 
do. 
do. 

AA 
AA 
AA 
AA 

15.6 
15.5 
15.1 
15.9 

4  Hn.  round 

do. 
4  |-in.  round 

do. 

0.98 
0.98 
1.53 
1.53 

Two  bars  to  2\  in.  of  top, 
two  bars  straight 
do. 
do. 

553.1 
553.2 

do. 
do. 

AA 
AA 

15.9 
15.1 

4  ^-in.  cor.  h.  s. 
do. 

1.25 
1.25 

do. 
do. 

521.1 
521.2 
521.5 
521.6 

do. 
do. 
do. 
do. 

AA 

AA 
U 

U 

15.8 
15.9 
15.2 
16.1 

Cummings'  welded 
loops,  2  fin.  and 
4  f-in.  round 

1.32 
1.32 
1.32 

1.32 

Bent   up   at  two  points 
and   fastened  to  cross 
ties 

part  of  the  bars.  Beams  with  the  heavier  reinforcement  would 
have  less  deflection  for  the  same  load  and  as  this  gives  a  flatter 
elastic  curve  the  tendency  for  the  inclined  crack  to  form  would 
be  less. 
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TABLE  12. 

Tests  of  Beams  with  Reinforcing  Bars  Bent  Up. 

Series  of  1907. 

All  beams  failed  by  diagonal  tension  unless  otherwise  noted. 


Beam 
No. 


Age 
days 


Load  at 
First 

Diagonal 
Crack 
pounds 


Maximum 
Applied 

Load 
pounds 


Stress  in 
Longitudi- 
nal 
Reinforce- 
ment 
lb.  per 
sq.  in. 


Nominal 

Vertical 

Shearing 

Stress 

lb.  per 

sq.  in. 


Nominal 

Bond 

Stress 

It),  per 

sq.  in. 


Control  Beam 


Modulus 
of 

Rupture 
lb-  per 
sq.  in. 


Age 
days 


511.1 
511.2 
512.1 
512.2 

531.1 
531.2 

532.1 
532.2 
554.1 
554.2 

513.1 
513.2 

514.1 

514.2* 

514.3* 

541.1* 
541.2* 

551.1* 
551.2 
552.1 
552.2 


553. 
553. 


521. 
521. 
521.5* 
521.6* 


,1* 

,2* 


70 
65 
70 
63 

63 
62 

62 
61 
61 
61 

70 
62 

65 
62 
63 

61 
62 

63 
67 
59 
59 

59 
59 

63 
67 
61 
62 


13  000 

13  000 
15  000 

14  000 

14  000 
12  000 

18  000 
18  000 


10  000 

10  000 
14  000 


16  000 
12  000 

14  000 
14  000 
22  000 
20  000 

24  000 
24  000 

22  000 

20  000 
20  000 
16  000 


18  000 
20  000 

19  000 

17  400 

19  500 
24  000 

20  600 

18  000 
17  900 
17  500 

16  700 
16  400 

21  100 

22  200 

23  500 

29  600 

28  450 

24  700 
22  000 

25  000 

29  200 

28  800 
31  000 

31  100 

35  ooo 

32  500 

26  200 


33  100 
36  800 
55  000 
32  100 

23  500 

28  900 

30  000 
26  300 
26  200 
25  600 

30  800 
30  300 

38  700 
40  700 

43  000 

35  400 

34  200 

45  200 

40  400 
30  100 

35  000 

41  700 

45  000 

12  800 
48  200 

44  800 

36  200 


138 

186 

153 

207 

146 

197 

134 

181 

153 

156 

187 

191 

159 

159 

140 

140 

139 

139 

136 

136 

129 

174 

127 

172 

161 

218 

1(9 

228 

179 

242 

229 

234 

220 

224 

188 

254 

168 

227 

194 

198 

226 

230 

220 

220 

240 

240 

238 

266 

•  .  • 

248 

•  •  • 

201 

231 
363 

241 
275 

207 
346 

291 

288 

238 

239 
284 

207 
253 

346 

245 
304 

284 
294 
352 
266 

266 
352 

213 
245 
313 
231 


60 
64 
60 
62 

62 
63 

63 
61 

61 

60 

63 

64 
62 

63 

60 
61 

63 

60 
59 
60 

60 

59 

62 
tit) 
60 
61 


*  Tension  failure. 

The  values  for  the  nominal  vertical  shearing  stress  in  the 
beams  under  consideration  do  not  differ  much  from  the  vertical 
shearing  stresses  developed  in  the  beams  of  the  1907  series 
having  reinforcing  bars  horizontal,  and  hence  no  gain  in  resist- 
ance was  obtained  by  bending  up  the  bars  in  this  way.     Of  course, 
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if  calculations  be  made  on  the  basis  of  the  distance  of  the  bars 
from  the  top  of  the  beam  at  the  point  where  the  diagonal  crack 
started,  the  stress  so  calculated  will  be  two  or  three  times  as 
great.  For  the  same  reason  the  bond  stress  near  the  end  of  the 
bars  will  be  much  higher  than  the  nominal  bond  stress  given  in 
the  tables.  There  is,  therefore,  a  high  tendency  to  slip,  particu- 
larly after  the  inclined  cracks  have  opened  some  distance.  There 
is  an  advantage  over  the  construction  with  the  bars  straight  in 
that  failure  of  the  beams  was  less  sudden  and  there  was  more 
warning. 

Attention  is  called  to  the  low  strengths  found  in  beams  with 
poor  concrete  in  the  1906  tests  (Bulletin  No.  14,  page  27). 

31.  Web  Resistance  ivith  Anchored  Bars. — Of  the  beams  having 
the  reinforcing  bars  anchored  with  nuts  and  washers,  No.  514.1 
failed  suddenly  at  a  nominal  vertical  shearing  stress  of  161  lb. 
per  sq.  in.,  but  the  segment  at  the  support  split  off  as  shown  in 
Fig.  14,  and  the  small  diagonal  crack  which  had  formed  closed 
up.  It  should  be  noted  that  in  this  beam  the  washers  were  not 
fastened  against  the  nuts  and  there  was  chance  for  slip  before 
the  washers  had  solid  anchorage.  As  the  other  two  beams  of  this 
set  contained  a  second  nut  which  locked  the  washer  in  position , 
it  is  possible  that  this  difference  in  construction  explains  the 
lower  value  and  the  failure  of  No.  514.1.  In  No.  514.2  and  514.3 
an  inclined  crack  following  the  bars  for  a  short  distance  was 
visible  at  one  end  of  the  beam  for  some  time  before  failure,  but  the 
manner  of  failure  was  by  tension  in  the  steel.  Beams  No.  541.1 
and  541.2,  having  1.53  %  reinforcement  and  nuts  and  washers 
at  the  ends,  also  failed  by  tension  of  the  steel,  developing  the 
high  nominal  vertical  shearing  stresses  of  229  and  220  lb.  per  sq.in. 
The  diagonal  cracks  which  had  formed  were  closer  to  the  load 
points  than  were  those  in  beams  having  the  bars  anchored.  The 
general  distribution  and  direction  of  the  cracks  are  quite  differ- 
ent from  those  of  the  other  beams,  and  it  appears  that  consider- 
able arch  action  must  have  developed.  It  seems  evident  from 
these  tests  that  anchorage  of  bars  at  the  ends,  in  beams  with  bars 
bent  up,  if  securely  arranged,  may  be  advantageous  in  increasing 
web  resistance.  It  is  true,  also,  that  this  form  of  construction  is 
an  insurance  against  failure  at  low  loads  through  defective  con- 
crete or  insufficient  bond. 
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32.  Web  Resistance  with  Part  of  the  Bars  Bent  Up. — In  the 
beams  in  which  two  bars  were  bent  and  two  were  left  straight, 
vertical  cracks  formed  outside  the  load  points  at  about  the  same 
loads  as  in  the  other  beams.  No.  551.1  failed  by  tension  in  the 
steel  at  a  nominal  vertical  shearing  stress  of  188  lb.  per  sq.  in. 
without  the  diagonal  tension  cracks  extending  very  far.  In  No. 
551.2  failure  by  diagonal  tension  came  at  a  nominal  shearing  stress 
of  168  lb.  per  sq.  in.,  the  diagonal  cracks  extending  to  the  load 
point  and  a  crack  following  the  line  of  the  horizontal  reinforce- 
ment. No.  552.1  and  552.2  failed  by  diagonal  tension  at  an  aver- 
age nominal  vertical  shearing  stress  of  210  lb.  per  sq.  in.  It  will 
be  noted  that  the  bars  of  these  beams  have  more  bond  surface 
available  and  that  the  increased  amount  of  reinforcement  makes  a 
stiffer  beam  than  No.  551.2.  No.  552.1  and  552.2,  reinforced  with 
round  rods,  and  No.  553.1  and  553.2,  reinforced  with  corrugated 
bars,  developed  high  resistance  to  diagonal  tension,  the  nominal 
vertical  shearing  stress  averaging  210  and  230  lb.  per  sq.  in., 
respectively.  This  is  a  high  web  resistance.  The  position  and 
distribution  of  the  cracks  are  quite  different  from  those  in  the 
preceding  beams. 

It  is  seen  that  beams  with  part  of  the  bars  bent  up  and  part 
left  straight  developed  higher  resistance  to  diagonal  tension  than 
beams  with  all  bars  horizontal  or  beams  with  all  bars  bent  up. 
It  is  evident  also  that  to  secure  best  results  in  providing  against 
diagonal  tension  stresses,  the  diagonal  bars  should  be  well  dis- 
tributed through  the  part  of  the  beam  where  high  web  resist- 
ance is  needed.  This  may  be  accomplished,  when  there  are 
several  bars,  by  bending  the  bars  in  two  or  more  lines  parallel  to 
each  other,  as  is  shown  in  the  Cummings'  reinforcement,  and  as 
is  common  practice  with  the  ordinary  reinforcement.  It  may 
be  expected,  then,  that  good  results  may  be  obtained  by  bending 
up  part  of  the  bars  if  proper  care  is  taken  to  get  a  good  distri- 
bution of  the  diagonals. 

33.  Web  Resistance  of  Cummings'  Reinforcement. — As  noted  on 
page  54,  all  the  beams  reinforced  with  the  Cummings'  system  of 
reinforcement  failed  by  tension  in  the  steel.  The  nominal  verti- 
cal shearing  stress  developed  was  high,  averaging 238  lb.  per  sq. 
in. ;  how  much  greater  stress  could  have  been  developed  is  not 
known.     The  cracks  in  the  outer  thirds  of  the  span  length  were 
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well  distributed  and  opened  up  very  little.  The  principle  on 
which  this  form  of  reinforcement  is  based  seems  rational, — the 
main  reinforcement  is  carried  horizontally  to  the  end  of  the  beam, 
the  smaller  bars  are  bent  up  and  this  bending  is  made  in  two 
planes  (i.  e. ,  begins  at  two  points),  the  bars  are  brought  together 
at  their  ends  and  thus  are  anchored,  and  the  reinforcement  is  con- 
nected by  a  cross  bar  at  the  points  where  bending  up  begins, 
which  aids  in  distributing  the  web  stresses  among  the  bars.  It 
does  not  seem  that  welding  the  bars  at  the  loop  is  essential,  bend- 
ing them  around  with  sufficient  anchorage  may  give  the  same 
effect,  and  other  devices  of  similar  make-up  may  be  expected  to 
give  good  results .  It  may  be  added  that  a  unit  frame  has  many 
advantages  in  reinforced  concrete  construction,  one  important 
feature  being  to  insure  that  the  reinforcement  is  properly  placed 
and  is  retained  in  the  proper  place  during  fabrication. 

C.       BEAMS   WITH   STIRRUPS. 

34.  Beams  with  Stirrups. — Tests  of  43  beams  having  stirrups 
for  web  reinforcement  are  included  in  the  1907  series,  and  12 
beams  in  the  1908  series.  A  classification  of  the  beams  according 
to  the  longitudinal  and  the  web  reinforcement  used  may  be  made 
as  follows:  (a)  longitudinal  reinforcement, — (1)  smooth  round 
bars,  (2)  deformed  bars;  (b)  stirrups, — (1)  smooth  round  rods,  (2) 
smooth  round  rods  bent  at  top,  (3)  smooth  round  rods  having  a 
reduced  section,  (4)  smooth  round  rods  wrapped  with  paper  for  a 
part  of  their  length,  (5)  corrugated  bars  of  high  elastic  limit,  (6) 
corrugated  bars  of  mild  steel.  In  addition  to  these,  test  beams 
were  made  of  1-5-10  concrete  to  determine  the  effect  of  poor  con- 
crete. Other  beams  were  tested  to  study  the  effect  of  unsymmet- 
rical  loading.  The  tests  were  planned  with  a  view  of  determining 
the  amount  of  stress  (tension  and  bond)  developed  in  the  stirrups. 
However,  for  various  reasons,  the  results  are  of  less  value  than 
was  expected.  The  beams  were  not  all  made  according  to  the 
plans.  In  the  1907  tests,  the  stirrups  in  a  few  of  the  beams  were 
poorly  placed  and  even  left  exposed  at  the  face  of  the  beam,  and 
a  variation  in  the  temperature  conditions  of  the  laboratory  also 
affected  the  results.  It  is  evident  from  the  results  that  the  stresses 
developed  in  the  stirrups  are  less  than  they  were  calculated  to  be, 
and  hence  the  layout  was  not  well  planned  to  settle  the  points  at 
issue.     The  tests,  however,  give  considerable  information  on  the 
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effectiveness  of  stirrups  in  providing  web  resistance. 

Tables  13,  p.  62  and  64,  and  14,  p.  63  and  65,  give  data  of  the 
beams  and  of  the  tests.  The  values  of  tensile  stress  in  stirrups 
were  obtained  by  equation  (21)  as  described  on  page  18.  The  bond 
stresses  developed  were  calculated  as  described  on  page  20,  using 
as  the  bond  surface  the  surface  area  of  the  stirrup  for  six-tenths 
of  the  distance  from  the  top  of  the  beam  to  the  center  of  the  lon- 
gitudinal reinforcement. 

35.  Phenomena  of  Tests. — It  seems  evident  from  the  tests  that 
the  stirrups  did  not  take  much  stress  until  after  the  formation  of 
diagonal  cracks.  Diagonal  cracks  appeared  on  the  surface  of  the 
beam  at  loads  giving  the  same  vertical  shearing  stress  v  as  those 
at  which  cracks  appear  in  beams  of  the  same  span,  reinforcement, 
and  quality  of  concrete  not  having  web  reinforcement,  or  at  loads 
somewhat  greater.  A  good  illustration  of  the  way  in  which  de- 
formations begin  to  show  in  stirrups  is  given  in  Bulletin  No.  28, 
"A  Test  of  Three  Large  Reinforced  Concrete  Beams."  The  dia- 
gram of  vertical  readings  (Fig.  10,  p.  22)  shows  first  a  vertical 
shortening  followed  by  elongation.  The  point  of  beginning  of 
marked  elongation  is  at  or  near  the  load  at  which  diagonal  cracks 
appeared  in  the  other  beam  test.  It  seems  evident  that  there  is 
very  little  elongation  in  stirrups  until  the  first  diagonal  crack 
forms,  and  hence  that  up  to  this  point  the  concrete  takes  prac- 
tically all  the  diagonal  tension.  If,  after  diagonal  cracks  have 
formed,  the  load  is  released  and  then  reapplied,  the  stirrups  will 
take  stress  from  the  beginning.  This  is  discussed  in  Bulletin 
No.  28  already  referred  to. 

After  the  cracks  become  visible,  the  stirrups  take  tensile  and 
bond  stresses,  and  the  diagonal  cracks  extend  and  enlarge.  Fin- 
ally the  diagonal  cracks  enlarge  considerably.  The  inability  to 
carry  a  greater  load  was  essentially  a  diagonal  tension  failure  in 
all  cases  where  failure  occurred  outside  the  load  points.  A  feature 
of  the  tests  of  beams  with  stirrups  is  slow  failure,  the  load 
holding  well  up  to  the  maximum  under  increased  detlection  and 
giving  warning  of  its  condition. 

Not  enough  information  was  obtained  to  determine  the  actual 
final  occasion  of  failure  in  these  tests.  In  a  number  of  cases  the 
stirrups  slipped,  in  others  it  seemed  that  the  steel  in  the  stirrups 
was  stretched   beyond  its  elastic  limit,   and  in  some  cases  the 
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TABLE  13. 

Data  of  Beams  with  Stirrups. 

Series  of  1907. 


Beam 

No. 


Kind  of 
Concrete 


Cement 


Kind 


Per 

cent 


Longitudinal  Reinforcement 


Description 


Per 

cent 


Stirrups 


Description 


Splic- 
ing 


231.1 
231.5 
231.6 

232.1 
232.2 
232.5 
232.6 

2  3.1 
233.2 
233.5 
233.6 

233.7 

235.1 
235.2 
235.5 
235.6 

241.5 
241.6 

242.1 
242.2 

243.1 
243.2 

244.1 
244.2 

271.5 

271.0 

221.1 
221.2 

221.5 
221.6 

222.5 
222  6 

223-1 
223.5 
223.0 

224.5 
224.6 

225.5 

225.7 

220.5 
220.0 

227.5 
227 . 0 

228.5 
228.6 


1-2-4 
do. 
do. 

do. 
do. 
do. 
do. 

do. 
do. 
do. 
do. 
do. 

1-5-10 
do. 
do. 
do. 

1-2-4 
do. 

do. 
do. 

do. 
do. 

do. 
do. 

do. 
do. 

do. 
do. 
do. 
do. 

do. 
do. 

do. 
do. 
do. 

do. 
do. 

do. 
do. 

do. 
do. 

do. 

do. 

do. 
do. 


AA 

18.3 

U 

15.8 

U 

15.5 

AA 

18.3 

AA 

16.3 

U 

16. 

U 

16. 

AA 

18.7 

AA 

16.3 

u 
u 
u 

A  A 
AA 

U 

u- 

u 
u 

AA 
AA 

AA 
AA 

AA 
AA 

U 
U 

AA 

A  A 

II 
U 

IJ 

u 

AA 

U 

u 

D 
U 

a 

i; 

0 
U 

II 

u 

A  A 
If 


16.2 
13.9 
15.3 

6.4 
7.2 
6.3 
6.7 

16. 
15.5 

12.6 
14.9 

15.6 
12.6 

14.9 
15.6 

16.9 
15.5 

15.8 
15.7 
15.5 

15.2 

15.4 

15.7 

16.0 
15.6 

15.6 

15.7 

15.7 

16.6 
15.4 

15.0 
15.6 

15.6 
15.0 

15.5 
15.5 


4  i-in.  cor.  bars 
do. 
do. 

do. 
do. 
do. 
do. 

do. 
do. 
do. 
do. 
do. 

do. 
do. 
do. 
do. 

do. 
do. 

4  i-in.  round 
do. 

4£-in.cor.barh.s. 

4  \-\x\.  round 

do. 
4  |-in.  cor.  bar 

2  li-in.  angles 
do. 

3  f-in.  round 

do. 
do. 
do. 

5  \-\\\.  round 

4  \-m.  round 

do. 

5  \-\w.  round 

do. 

do. 
4  |-in.  round 

3  |-in.  round 

4  \-\x\.  round 

do. 
do. 

3  ;;-Jn.  round 
do. 

do. 

do. 


1.25 
1.25 
1.25 

1.25 
1.25 
1.25 
1.25 

1.25 

1.25 
1.25 
1.25 
1.25 

1.25 
1.25 
1.25 
1.25 

1.25 
1.25 

0.98 
0.98 

1.25 

0.98 

0.98 
1.25 

1.11 
1.11 

1.65 
1.05 
1.65 
1.05 

1.23 

0.98 

0.98 
1.23 
1.23 

1.23 

0.98 

1.05 
0.98 

0  98 

0.98 
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05 


1.05 
1.05 


{-in.  cor.  h.  s. 
do. 
do. 

i  in.  cor.  m.  s. 
do. 
do. 
do. 

i-in.  cor.  m.  s. 

do. 

do. 
l-in.  round 
f-in.  round 

i-in.  cor.  m.  s. 
do. 
do. 
do. 

i-in.  round  bent 
do.  [inward 

\-m.  round 
do. 

do. 
do. 

do. 
do. 

Expanded  metal 
do. 

l-in.  round 
do. 
do. 
do. 

f-in.     round    re- 
do, [duced  to  l\ 

\ -in. round  m.  s. 
do. 
do. 

{-in.     round    re- 
do, [duced  to  J, 

f-in.  round 
do. 

,-in.     round;   lower    4 
in.  wrapped  in  paper 

\-\\\.  round 
do. 

1-in.   round 
do. 


| Continued  on  page  84 
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TABLE  14 

Tests  of  Beams  with  Stirrups. 

Series  of  1907. 

All  beams  failed  by  diagonal  tension  unless  otherwise  noted. 


Beam 
No. 

Age 

days 

Load  at 

First 
Diagonal 

( 'rack 
pounds 

Maxi- 
mum 

Applied 
Load 

pounds 

Stress  in 
Lontri'nal 
Reinforce- 
ment 
lb.  per  sq.in. 

Vertical 
Shearing- 
Stress 
lb.  per 
sq.  in. 

Bond  in 

Longri'nal 

Rein. 

lb.  per 

sq.  in. 

Tensile 

Stress  in 

St.irnips 

0).  per 

sq.  in. 

Bond  in 

Stirrups 

o>.  per 
sq.  in. 

231.1 
231.5 
231.6 

60 
66 

71 

25  260 

18  000 
20  000 

33  000 
35  800 

31    SOD 

47  800 

51  800 
40  000 

251 

272 
242 

251 
272 

242 

00    KM 

104  400 

93  000 

1004 

L088 

968 

232.1* 
232.2* 
232.5 
232.6 

60 
60 
62 
61 

28  000 
24  000 
17  000 
19  000 

38  000 
40  300 
22  ooo 
25  000 

55  000 
58  200 
32  000 
36  300 

281 
306 
170 

192 

281 
300 
170 
192 

72  ooo 
78  loo 
43  5oo 
4!)  loo 

T50 
8L5 
453 
512 

233.1* 

233.2 

233.5 

233.6 

233.7 

61 
61 
63 

61 
63 

27  000 
20  000 
14  000 
14  000 
23  000 

43  300 
34  700 
34  000 
2!)  300 
27  200 

62  500 

50  200 
49  300 
42  500 
39  500 

328 

264 

259 
224 
208 

328 
204 
259 
224 
208 

42  ooo 
33  800 
33  100 
36  5oo 
21  600 

874 
705 
690 
714 

503 

235.1 
235.2 
235. 5t 
235.6 

63 
61 
61 
61 

14  500 

17  000 

6  100 

8  000 

14  500 

17  800 

6  100 

11  900 

21  900 

26  700 

9  600 

18  100 

116 

141 

52 

100 

116 

141 

52 

100 

29  soo 

30  100 
13  300 
25  ooo 

310 
370 
139 
267 

241.5 
241.6 

59 
52 

18  000 
18  000 

32  3oo 
29  400 

46  700 
42  600 

246 
224 

246 

224 

40  200 
37  500 

834 

760 

242.1* 
242.2* 

60 
60 

21  300 
20  000 

22  500 
24  500 

41  300 

44  800 

171 

193 

218 

240 

27  Ooo 
31   5oo 

580 
580 

243.1 
243.2* 

60 

60 

26  000 
24  000 

44  300 

2(;  ooo 

64  000 
47  600 

336 
197 

330 

251 

31  900 

32  loo 

1140 
668 

244.1* 
244.2 

60 
60 

22  000 

24  000 

24  100 

28  200 

43  300 

40  800 

185 
216 

185 
216 

22  000 
26  5oo 

470 
549 

271  5 
271.6 

59 
61 

12  000 
15  000 

13  800 
16  300 

22  800 
26  700 

110 

127 

221.1 

OO  j     o 

221 '5 
221.6 

60 
58 
60 
59 

17  000 
22  000 

20  000 

21  000 

25  000 

20  ooo 
23  000 

21  ooo 

28  000 

29  100 
25  800 
23  600 

195 
203 
181 
L65 

221 

230 
205 

1ST 

10  Ooo 
2o  700 
is  500 
10  800 

413 
430 
:<s:i 

350 

222.5 
222.6 

61 
20 

20  000 
17  000 

23  700 
17  200 

35  000 
32  500 

182 

132 

is;, 
168 

47  Ooo 
34  400 

310 

224 

223.1 
223.5 
223.6 

61 
61 
63 

16  000 

19  000 

4  000 

19  000 
22  (i00 
21  000 

35  000 
33  400 
31  loo 

140 
174 
L62 

186 

177 
165 

:;:,  800 

!•'  TOO 
30  700 

372 

113 
112 

224.5 
224.6* 

60 
60 

14  000 

18  ooo 

21  800 
21  2oo 

32  300 
38  900 

168 
L64 

171 
209 

52  2oo 
51    OOO 

127 
117 

225 . 5 
225.7 

59 
59 

22  Ooo 

20  000 

22  000 
21  700 

34  700 
39  800 

173 

105 

196 

210 

15  800 

15  000 

411 

502 

226.5 

226.6 

60 

61 

19  000 

16  000 

20  100 

21  000 

3(5  900 
38  600 

154 
160 

196 

204 

15  Too 
10  300 

326 

339 

227.5 

227.6 

63   . 

60 

18  000 
15  000 

20  000 
16  400 

22  500 
18  500 

158 

130 

179 
147 

16  100 
13  300 

335 

2T5 

228.5 

228.6 

59 
60 

16  000 
19  000 

17  500 

21  400 

19  700 
24  ooo 

138 
168 

156 

100 

33  son 
41  400 

351 
128 

*  Tension  failure.       +  Appearance  indicated  poor  concrete.  [Continued  on  page  6.">. 
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TABLE  13.— Continued. 

Data  op  Beams  with  Stirrups. 

Series  of  1908. 


Cement 

Longitudinal  Reinforcement 

Stirrups 

Beam 

Kind  of 
Concrete 

No. 

Kind 

Per 

cent 

Description 

Per 

cent 

Description 

Spac- 
ing 
inches 

221.3 

1-2-4 

AA 

15.7 

3  f-in.  round 

1.65 

Hn.  round 

5 

221.4 

do. 

AA 

16.2 

do. 

1.65 

do. 

5 

223.2 

do. 

AA 

15.7 

5  i-in.  round 

1.23 

i-in.  round 

3 

223.3 

do. 

AA 

16.2 

do. 

1.23 

do. 

3 

229.1 

do. 

AA 

15.3 

do. 

1.23 

i-in.  round 
(one  end  only) 

5 

229.2 

do. 

AA 

15.2 

do 

1.23 

do. 

5 

229.5 

do. 

AA 

14.3 

do. 

1.23 

l-in.  cor.  m.  s. 
(one  end  only) 

5 

229.8 

l-li-3 

AA 

24.5 

do.  2  bent 

[up 

1.23 

i-in.  cor.   h.  s. 
(one  end  only 
bars  bent  up 
at  other  end) 

5 

233.3 

do. 

AA 

15.9 

4-  i-in.  round 

0.98 

^-in.  round 

8 

233.4 

do. 

AA 

15.7 

4  i-in.  cor. 

1.25 

i-in.  cor.  m.  s. 

8 

240.1 

do. 

AA 

15.3 

3  |-in.  round 
nuts  and  washers 

1.65 

i-in.  round 

5 

243.3 

do. 

AA 

15.3 

4  i-in.  cor. 

1.25 

do.~ 

8 

stirrups  broke;  possibly  in  some  the  longitudinal  reinforcement 
slipped.  In  a  number  of  tests  the  general  racking  or  breaking  up 
of  the  concrete  was  the  evident  cause  of  failure.      The  following 

notes  of  the  tests  are  given. 

Beam  No.  231.1  (See  Fig.  16).  At  25  000  lb.  diagonal  crack  marked  (1) 
was  noted  10  in.  to  left  of  left  load.  At  26  000  lb.  cracks  appeared  in 
middle  third  and  diagonal  crack  (2)  was  noted,  and  at  28  000  lb.  diagonal 
cracks  (3)  and  (4).  At  29  000  and  30  000  lb.  cracks  marked  (5)  and  (6) 
noted  at  left  end  of  beam.  At  32  000  lb.  metallic  noises  were  heard  and 
diagonal  cracks  continued  to  open.  Maximum  load,  33000  lb.  Load  drop- 
ped to  14  900  lb.  as  ultimate  failure  occured  at  (3)  and  (4);  stirrup  marked  (a) 
broke,  and  stirrup  marked  (b)  slipped. 

Beam  No.  232.1.  At  26  000  lb.  vertical  crack  marked  (1)  appeared.  At 
28  000  lb.  diagonal  crack  (2)  was  noted  at  left  end  and  diagonal  cracks 
(3)  and  (4)  at  right  end.    At  30  000  lb.  diagonal  crack  (0)  appeared.  At  32  000  lb. 
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Tests  of  Beams  with  Stirrups. 

Series  of  1908. 

All  beams  failed  by  diagonal  tension  unless  otherwise  noted. 


65 


Beam 
No. 


Age 
days 


Load  at 
First 

Diagonal 
Crack 
pounds 


Maxi- 
mum 
Applied 
Load 
pounds 


Stress  in 
Longitudi- 
nal 
Reinforce- 
ment 
lb.  per 
sq.  in. 


Vertical 

Shearing 

Stress 

lb.  per 

sq.  in. 


221.3 
221.4 

57 
70 

223.2 
223.3 

57 
70 

229.lt 
229. 2*t 
229.5 

229.8 

63 
92 

72 
60 

233. 3 J 
233.4 

72 
66 

240.1* 

64 

243.3 

64 

24  000 
20  000 

22  000 
20  000 

20  000 
20  000 

13  000 

14  000 

18  000 
18  000 

26  000 

20  000 


31  100 
21  170 

24  600 
26  150 

22  000 

25  400 
13  400 

26  100 

20  850 
26  300 

34  800 

34  200 

34  600 
23  800 

36  300 
38  500 

43  500 
50  000 
20  100 

37  700 

38  300 
38  200 

38  800 

49  500 


Bond  in 
Longitu- 
dinal 
Rein- 
force- 
ment 
lb.  per 
sq.  in 


Tensile 

Stress  in 

Stirrups 

lb.  per 

sq. in. 


242 

166 

274 

188 

189 
201 

192 
205 

255 
292 
159 
200 

259 
296 
164 
204 

159 
201 

203 
201 

270 

306 

260 

260 

24  700 
16  900 

46  400 

48  300 

26  000 
29  800 
12  750 
16  000 

26  000 

25  800 

27  500 
42  400 


Bond  in 

Stirrups 

lb.  per 

SQ.  in. 


512 

351 

481 
511 

540 
618 
337 
423 

539 
536 

572 

880 


*  Tension  failure. 

t  Load  applied  at  a  single  point  2  ft.  from  one  support. 

X  Failure  at  the  end  not  having  stirrups. 

crack  marked  (7)  was  noted  at  left  end  and  vertical  cracks  marked  (8) 
and  (9)  in  middle  third,  and  at  34  000  lb.  vertical  crack  (10).  At  36  000  lb. 
tension  cracks  in  middle  third  were  opening,  diagonal  cracks  not  opening 
much.  Maximum  load,  38  000  lb.  Load  dropped  to  32  600  lb.  failure  occur- 
ring by  tension  in  steel. 

Beam  No.  232.2.  At  24  0001b.  numerous  vertical  cracks  noted  in  mid- 
dle third  and  diagonal  cracks  marked  (1)  at  left  end,  but  these  did  not  open 
very  wide.  At  32  000  lb.  diagonal  cracks  marked  (2)  were  noted  at  right 
end.    Maximum  load,  40  300  lb.     Failure  occurred  by  tension  in  steel. 

Beam  No.  232.6.  At  19  000  lb.  a  short  diagonal  crack  marked  (1) 
noted  at  right  end  at  mid-depth  of  beam.  At  20  000  lb.  the  above  crack  ex- 
tended downward  to  bottom  of  beam  and  upward  along  fifth  stirrup  from 
end,  a  branch  extending  to  load  point.  At  21000  1b.  crack  marked  (2) 
noted.    Failure  occurred  by  diagonal  tension.     Maximum  load,  25  000  lb. 

Beam  No.  233.1.  At  27  000  lb.  a  diagonal  crack  marked  (1)  was  noted 
21  in.  to  right  of  center  and  extended  vertically  6  in.  At  36  000  lb.  a 
diagonal  crack  marked  (2),  6  in.  high,  was  noted  18  in.    to   left   of  center 
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Fig.  16.     Disposition  of  Reinforcement  and  Position  of  Cracks. 
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of  beam.  At  this  load  a  vertical  crack  5  in.  long  appeared  under  left  load, 
tension  cracks  4  in.  long  were  noted  6|  and  1  in.  to  left  of  center  and  a 
tension  crack  3  in.  high  3  in.  to  right  of  center.  At  41  000  lb.  a  diagonal  crack 
marked  (3)  extended  vertically  5  in.  At  43  200  lb.  all  cracks  were  opening. 
At  maximum  load,  43  300  lb.  a  tension  crack  7  in.  long  noted  7  in.  to 
right  of  center.     Failure  occurred  by  tension  in  steel. 

Beam  No.  233.2.  At  20  000  1b.  a  diagonal  crack  appeared  9  in.  to 
left  of  left  load  and  extended  vertically  4  in.  At  28  000  lb.  several  vertical 
cracks  were  noted  in  middle  third,  and  two  diagonal  cracks  at  right  end. 
Diagonal  crack  noted  at  left  end  at  load  of  32  000  lb.  Maximum  load  34  700  lb. 
Failure  occurred  at  right  end  by  diagonal  tension  probably  followed  by 
slipping  of  bars.  Middle  stirrup  at  right  end  finally  split  out  at  near  the 
maximum  load  on  account  of  being  too  near  the  surface— about  1  in. 
center  to  surface. 

Beam  No.  233.7.  At  23  000  lb.  a  diagonal  crack  marked  (1)  noted  which 
extended  vertically  5  in.  At  24  000  lb.  a  diagonal  crack  marked  (2),  7  in. 
high,  noted.  At  26  000  lb.  diagonal  cracks  marked  (3)  and  (4)  appeared 
and  extended  vertically  4  in.  The  other  cracks  were  opening  up  at  this 
load.  At  27  000  lb.  the  cracks  were  lengthening.  At  27  200  lb.,  the  max- 
imum load,  diagonal  crack  marked  (4)  opened  and  extended  to  load  point. 
Load  dropped  to  22  000  lb.,  failure  occurring  by  diagonal  tension  with  slip- 
ping of  stirrups. 

Beam  No.  235.1.  At  the  maximum  load  of  14  500  lb.  a  diagonal  crack 
6  in.  high  appeared  13  in.  to  left  of  left  load.  Load  dropped  gradually, 
and  at  13  000  lb.  the  crack  was  opening  up  rapidly  toward  load  point. 

Beam  No.  235.5.  Mixture  was  lean  and  concrete  seemed  poorly  rammed 
at  bottom.  Failure  occurred  by  diagonal  tension.  On  one  side  the  diag- 
onal crack  was  observed  at  third  stirrup  from  load.  This  stirrup  was  after- 
ward found  to  be  broken.    Maximum  load  6100  lb. 

Beam  No.  241.5.  Stirrups  bent  in  at  top.  At  18  000  lb.  diagonal  cracks 
marked  (1)  and  (2)  noted,  (2)  extending  toward  load  point  at  27  000  lb. 
At  22  000  lb.  a  crack  10  in.  long  marked  (3)  appeared.  At  26  000  lb.  a  crack 
marked  (4)  was  noted  at  left  stirrup  2  in.  above  bottom  of  beam,  extend- 
ing to  second  stirrup  from  left  end,  and  from  there  to  load  point.  Maxi- 
mum load  32  300  lb.,  failure  occurring  by  diagonal  tension. 

Beam  No.  243.1.  At  26  000  lb.  diagonal  cracks  marked  (1)  and  (2) 
appeared.  At  30  000  lb.  a  diagonal  crack  6  in.  high  marked  (4)  noted  at 
right  end,  13  in.  from  load.  At  32  000  lb.  the  cracks  at  left  end  were 
opening  wider.  At  34000  lb.  a  diagonal  crack  marked  (5)  was  noted  16  in. 
to  left  of  left  load  and  extended  upward  6  in.  Maximum  load  44  300  lb., 
failure  occurring  by  diagonal  tension. 

Beam  No.  244.1.  (See  Fig.  17).  At  18  000  lb.  vertical  cracks  4  in.  long 
marked  (1)  noted  2\  in.  to  right  of  right  load  and  2^  in.  to  left 
of  left  load  at  stirrups.  At  22  000  lb.  a  diagonal  crack  marked  (2)  appeared 
1H  in.  to  left  of  left  load  and  extended  vertically  4|  in.  At  23  700  lb. 
the  crack  at  north  end  was  opening  wide.  At  24  000  lb.  a  vertical  crack  marked 
(3),  6  in.  high,  was  noted  3  in.  to  the  left  of  center.  Maximum  load 
24100  lb.  Tension  crack  marked  (1)  to  left  of  load  opened  wide  after  the 
maximum  was  reached. 

Beam  No.  271.6.  At  12  000  lb.  vertical  crack  5  in.  long  was  noted 
5  in.  to  right  of  right  load.  A  short  diagonal  crack  was  also  noted  in 
lower  third  of  beam  on  opposite  side  7  in.  to  right  of  right  load.  At 
13  800  lb.  failure  crack  appeared  suddenly,  starting  at  right  end  7  in.  inside 
the  support  and  extending  to  within  4  in.  of  load.  The  expanded  metal 
web  was  not  sufficient  to  give  much  resistance. 

Beam  No.  221.2.  Three  stirrups  at  right  end  were  showing  at  surface. 
Concrete  was  poor.  At  22  000  lb.  a  diagonal  crack  marked  (1),  4  in.  high, 
was   noted   12   in.    to  right  of  left  support.     At  24  000  lb.  diagonal  crack 
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Fig.  17.     Disposition  ok  Reinforcement  and  Position  of  Cracks. 
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5  in.  high  marked  (2),  6  in.  to  left  of  left  load,  was  noted.  At  20  000  lb. 
diagonal  crack  marked  (3)  appeared.  Maximum  load  26  000  lb.,  diagonal  ten- 
sion failure. 

Beam  No.  222.5.  At  16  000  lb.  vertical  crack  was  noted  6  in.  to  left 
of  left  load.  At  20  000  lb.  one  5  in.  to  left  of  center  and  at  22000  11). 
3  in.  to  right  of  center.  At  20  000  lb.  diagonal  cracks  were  noted  10  in. 
to  left  of  left  load  and  3£  In.  to  right  of  right  load.  Failure  occurred  by 
diagonal  tension.  Maximum  load  23  700  lb.  All  the  concrete  broke  away 
from  bottom  of  second  stirrup  to  left  of  left  load.  Reduced  section  could  be 
plainly  seen.     Stirrup  did  not  slip. 

Beam  No.  223.1.  At  16  000  lb.  diagonal  crack  3  in.  high  marked  (1)  was 
noted.  At  18  000  lb.  this  crack  was  5  in.  high  and  diagonal  crack  4  in.  high 
marked  (2)  was  noted.  Crack  marked  (1)  opened  wider  at  maximum  load  of 
19  000  lb.  and  extended  almost  to  load  point.  Failure  by  diagonal  tension  at 
right  end. 

Beam  No.  223.5.  At  19  000  lb.  diagonal  cracks  were  observed  8  in.  to  left 
of  left  load  and  8  in.  to  right  of  right  load.  At  22  000  lb.  a  diagonal 
crack  was  noted  14  in.  to  right  of  right  load.  Maximum  load  22  600  lb 
Failure  occurred  by  diagonal  tension  and  failure  crack  was  more  nearly  ver- 
tical than  usual.  Failure  crack  was  limited  to  space  between  last  three 
stirrups  nearest  the  load.  A  loose  stirrup  was  noted  6  in.  to  left  of  left 
load. 

Beam  No.  223.6.  Diagonal  cracks  were  noted  12  in.  to  left  of  left 
load  and  9  in.  to  right  of  right  load.  Crack  at  right  end  extended  almost 
to  load  point.    Failure  by  diagonal  tension  at  load  of  21  000  lb. 

Beam  No.  224.5.  At  14  000  lb.  diagonal  crack  marked  (1)  was  noted,  at 
15  000  lb.  (2),  at  16  000  lb.  (3),  and  at  17  000  lb.  crack  (4).  The  cracks  which 
started  from  the  bottom  of  the  stirrups  headed  for  the  center  point  of  next 
stirrup  toward  load.  Failure  occurred  by  diagonal  tension  along  diagonal 
crack  at  left  end  and  several  stirrups  slipped  at  this  end. 

Beam  No.  225.5.  At  18  000  lb.  crack  marked  (1)  appeared.  Failure 
occurred  by  diagonal  tension  along  crack  marked  (2).  Second  stirrup  from 
right  end  bulged  out  and  drew  down.     Maximum  load  22000  lb. 

Beam  No.  225.7.  At  17  000  lb.  vertical  crack  4  in.  high  marked  (1)  was 
noted  and  at  20  000  lb.  diagonal  crack  4  in.  high  marked  (2).  At  26  900  lb., 
the  maximum  load,  the  crack  marked  (2)  extended  almost  to  load  point. 
Load  dropped  to  16  000  lb.  Failure  occurred  by  diagonal  tension.  Concrete 
around  second  stirrup  to  right  of  right  load  was  very  lean.  Lower  part  of 
the  stirrup  on  each  side  was  exposed  and  stirrup  slipped  a  little. 

Beam  No.  226  5.  At  18  000  lb.  the  vertical  crack  5  in.  high  was  noted  at 
stirrup  7  in.  to  left  of  left  load.  At  19  000  lb.  a  diagonal  crack  4  in.  high 
was  noted  15  in.  to  right  of  right  load.  At  20  000  lb.  the  cracks  were 
enlarging  and  at  maximum  load  of  20  100  lb.  a  diagonal  crack  6  in.  high  was 
noted  8  in.  to  right  of  right  load. '  Load  dropped  to  11  300  lb. 

Beam  No.  226.6.  At  16  000  lb.  diagonal  crack  3  in.  high  marked  (1)  was 
noted,  at  18  000  lb.  vertical  crack  along  stirrup  5  in.  high  marked  (2)  and  at 
19  000  lb.  the  cracks  marked  (3)  and  (4).  At  20  000  lb.  diagonal  crack  marked 
(5)  appeared  and  other  cracks  wereenlarging.  At  maximum,  load  21  000  lb., ver- 
tical crack  marked  (6)  was  noted;  diagonal  cracks  were  lengthening.  Load 
dropped  to  14  000  lb.  and  diagonal  crack  (1)  was  opening.  Failure  by  diag- 
onal tension  at  left  end.  The  stirrups  were  quite  close  to  sides  of  beam  and 
were  wrapped  in  paper  for  the  lower  4  inches. 

Beam  No.  227.5.  At  18  000  lb.  small  vertical  cracks  were  noted  2  in.  to 
right  of  right  load,  4£  in.  to  left  of  left  load,  and  at  first  stirrup  2  in.  to 
left  of  left  load  on  further  side  of  beam.  The  latter  crack  was  4  in.  long:. 
Failure  crack  started  at  bottom  of  second  stirrup  7  in.  to  right  of  right 
load,  ran  up  stirrup  2\  in.,  then  to  first  stirrup  at  a  point  31  in.  from  top 
then  upward  along  the  stirrup.  Maximum  load  20  000  lb.  Two  stirrups 
were  exposed  at  left  end. 


"0 


ILLINOIS   ENGINEERING    EXPERIMENT   STATION 
i 2'-o"~ 


*a     \a 


\r* — 2'-0" — *4* Z'-O' 

V"1"i"~ 


■I  5"U-  I  I  -|  5 

\ — i    \jf\  4i . : , jjgj.    .  _4_ 


1. 


— j — i    |    i    i 

->J5"U|  I  ^2/^ 

+__ i>l_|^\l__U4— 


ist— t7"j — i — r 


T 


\o  i     l<7 


t 


* 


T 


223*2,  i-~5 1 


■H   I  I   I   j  I 
I    1    W3V 


U?iJxU. 


* i  |  ......  ♦ 

I   I   I    1   |   |    I  Y T  I   11   I   I   I   I 

J^\  \\'  223.3  f\        \JtfU 

I  J'  I      /-*-*         /.2J°/o  I      J     I     I     I 

r 


7 


_*J   *"  L-  y^  23-jt.^:  '  I       ,  I 

T 


1 — ^ 

I     ft 


1 


24-OJ 


7 


i »- 


± 


*Aa/  t-2-4        /.25°/°\\ 


T 


i-r 

I      l 


I  I 


0 

UAJJS.A 


ft 


kv»ji, 


Lt_SJL* 


n 

i    i 


i — i- 


U_t_i 


ki-J 


Fig.  18.    Disposition  of  Reinforcement  and  .position  of  Cracks. 
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Beam  No.  227.6.  Cracks  were  noted  on  both  sides  of  beam  at  15  000  lb. 
No  cracks  noted  at  left  end  of  beam.  Failure  was  rather  sudden  and  was  due 
to  diagonal  tension.  Third  and  fourth  stirrups  from  right  end  were  found 
to  have  slipped  |  or  i  in.  The  stirrups  were  not  well  embedded,  especially 
at  north  end  where  failure  occurred.     Maximum  load  16  400  lb. 

Beam  No.  228.5.  At  1(3  000  lb.  a  diagonal  crack  5.1  in.  high  was  noted 
3  in.  to  left  of  left  load.  At  maximum  load,  17  500  lb.,  a  diagonal  crack 
5£  in.  high  was  noted  6  in.  to  right  of  right  load.  Failure  occurred  along 
the  diagonal  crack  noted  at  16  000  lb.  The  crack  ended  at  bottom  of  beam 
at  a  point  near  first  stirrup  to  left  of  load.  First  two  stirrups  at  left  end 
on  further  side  of  beam  were  showing  at  bottom.  This  fact  did  not  affect  the 
results,  however. 

Beam  No.  228.6.  At  19  000  lb.  diagonal  crack  was  noted  8  in.  to  right  of 
right  load  on  further  side  of  beam  and  extended  upward  4  in.  At  20  000  lb. 
diagonal  crack  was  noted  12  in.  to  left  of  left  load  and  extended  toward 
load  point,  starting  at  fourth  stirrup  from  left  end.  One  stirrup  showed 
slightly  at  right  end.  Maximum  load  21400  lb.,  failure  occurring  by 
diagonal  tension. 

Beam  No.  221.3.  (See  Fig.  18).  At  24  000  lb.  crack  marked  (1)  noted  at 
27  000  lb.  cracks  marked  (2)  and  (3),  each  being  about  3  in.  high.  At  29  000  lb. 
cracks  were  lengthening.  At  31000  lb.  the  two  stirrups  marked  (a) 
slipped  as  crack  (2)  opened.  After  the  maximum  load  of  31 100  lb.  the  load 
fell  off  to  18  400  lb.  and  failure  crack  gradually  opened. 

Beam  No.  221.4.  At  20  000  lb.  crack  marked  (1)  noted.  At  21000  lb. 
stirrup  marked  (a)  slipped.  At  maximum  load,  21 170  lb.,  stirrup  marked  (b) 
slipped.  Load  fell  off  and  crack  gradually  widened.  Diagonal  tension 
failure. 

Beam  No.  223.2.  At  22  000  lb.  crack  marked  (1)  noted.  At  24  000  lb.  this 
crack  was  7  in.  high  and  crack  marked  (2)  was  noted.  Maximum  load  24  600  lb. 
Gradual  failure  by  diagonal  tension.  The  load  was  taken  off  and  then 
applied  again.  It  rose  to  13  300  lb.  then  fell  off  to  12  200  lb.  as  failure  crack 
opened  and  stirrups  marked  (a)  slipped. 

Beam  No.  223.3.  At  20  000  lb.  crack  marked  (1)  noted  and  at  23  000  lb. 
this  crack  was  7i  in.  high.  Maximum  load  26  150  lb.  Failure  was  gradual 
and  stirrup  marked  (a)  slipped  after  beam  started  to  fail. 

Beam  No.  229.1.  Loaded  at  one  point.  At  20  000  lb.  crack  marked  (1) 
noted  3  in.  high.  At  22  000  lb.  diagonal  failure  crack  marked  (2)  opened  and 
stirrup  marked  (a)  showed  signs  of  slipping.    Load  dropped  to  17  000  lb. 

Beam  No.  229.2.  Also  loaded  at  one  point.  At  14  800  lb.  vertical  crack 
marked  (1)  noted.  At  18  000  lb.  cracks  marked  (2),  (3)  and  (4)  noted.  At 
20  000  lb.  crack  marked  (5)  appeared  and  other  cracks  lengthened.  At  24200 
lb.  crack  under  load  was  8  in.  long  and  tVt  in.  wide.  Maximum  load  25  400  lb., 
failure  occurring  by  tension  in  steel.  This  shows  a  high  resistance  for  the 
portion  of  the  beam  without  stirrups. 

Beam  No.  229.5.    Also  loaded  at  one  point.    At  13  000  lb.  crack  marked 

(1)  noted.  At  13  400  lb.,  the  maximum  load,  crack  marked  (1)  was  4  in.  high, 
and  crack  marked  (2)  was  noted.  Load  fell  off  to  12  000  lb.,  failure  occur- 
ring by  diagonal  tension.  No  signs  of  stirrups  slippingand  stirrups  were  not 
exposed. 

Beam  No.  229.8.  Stirrups  at  one  end  only;  at  other  end  two  bars  bent 
up.     At  14  000  lb.  crack  marked  (1)  was  noted.    At  20  000  lb.  cracks  marked 

(2)  and  (3)  were  noted,  the  former  being  4  in.  high  and  the  latter  8  in. 
Cracks  (1),  (2)  and  (3)  increased  in  length  regularly  as  load  was  applied,  and 
at  26  000  lb.  cracks  (2)  and  (3)  were  about  9  in.  long  and  crack  (1)11  in.  Crack 
(1)  then  widened  appreciably.  Maximum  load  26  L00  lb.  Failure  occurred 
at  the  end  having  stirrups  and  took  place  slowly.  Whether  slip  of  stirrup 
along  longitudinal  bar  or  slip  of  the  latter  occurred  is  not  known.  Concrete 
was  rich  mixture. 
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Beam  No.  233.4.  At  18  000  lb.  cracks  marked  (1)  and  (2)  were  noted.  Up 
to  maximum  load  of  26  300  lb.  the  cracks  gradually  lengthened  and  failure 
occurred  by  diagonal  tension. 

Beam  No.  240.1.  This  beam  had  nuts  and  washers  at  ends  of  longii  u- 
dinal  rods.  At  26  000  lb.  cracks  marked  (1)  and  (2)  appeared.  At  33000  lb. 
cracks  marked  (3)  and  (4)  were  noted  and  other  cracks  were  lengthening. 
Failure  occurred  by  tension  in  steel  at  34  800  lb.  followed  by  crushing  of 
concrete.    Stirrups  did  not  slip. 

Beam  No.  243.3.  At  20  000  lb.  crack  marked  (1),  3  in.  high,  appeared. 
At  21 000  lb.  crack  marked  (2)  noted  near  left  load  point.  At  23  000  lb.  crack 
marked  (3),  3  in.  high,  appeared.  At  26  000  lb.  diagonal  crack  marked  (4), 
4|  in.  high  noted  at  left  end  of  beam.  Crack  marked  (1)  was  7  in.  high  at 
this  load.  At  30  000  lb.  crack  marked  (5)  was  noted.  At  34  000  lb  cracks 
marked  (6)  and  (7)  were  noted,  the  other  cracks  were  lengthening  and  at 
this  load  stirrups  marked  (a)  had  slipped.  Maximum  load  was  34  200  lb., 
failure  occurring  by  diagonal  tension. 

36.  Stresses  in  Stirrups. — The  assumption  in  the  calculations 
of  an  effective  bond  area  given  by  six-tenths  of  the  length  of  the 
stirrup  is  arbitrarily  made,  but  it  gives  a  common  basis  of  compar- 
ison. It  will  be  seen  in  Table  14  that  the  tensile  stresses  in  the 
stirrups  resulting  from  this  calculation  are  generally  low,  though 
in  some  cases  they  run  well  above  the  yield  point  of  the  steel,  and 
even  above  its  ultimate  strength.  Thus,  the  calculated  stresses 
in  the  high  carbon  corrugated  bar  stirrups  used  in  No.  231.1, 
231.5  and  231.6  (93  000  to  104  000  lb.  per  sq.  in.)  and  the  stresses  in 
the  mild  steel  corrugated  bar  stirrups  used  in  No.  232.1  and  232.2 
(72  000  and  78  000  lb.  per  sq.  in.)  are  higher  than  the  elastic  limit 
and  ultimate  strength  of  the  steel.  The  bond  stresses  in 
many  cases  are  also  much  above  what  would  be  expected  to  cause 
slip.  These  calculated  results,  and  other  tests  obtained  in  this 
laboratory  and  elsewhere  seem  to  corroborate  the  view  expressed 
on  page  19  that  the  stress  actually  developed  in  stirrups  is  less 
than  that  calculated  by  equation  (21)  and  that  a  part  of  the  shear 
is  carried  through  the  concrete  of  the  top  of  the  beamt  The  actual 
proportion  taken  by  the  stirrups  has  not  been  established,  but  it 
seems  that  the  stress  can  not  be  more  than  two-thirds  or  three- 
fourths  of  the  amount  obtained  by  the  formula.  On  this  basis  the 
calculation  for  tension  and  bond  in  stirrups  would  be  made  by 
using  say  two- thirds  of  the  external  vertical  shear  instead  of  the 
full  amount 

37.  Comparison  of  Results. — As  already  stated,  slip  of  stirrups 
and  insufficient  bond  resistance  were  in  many  cases  the  immediate 
cause  of  diagonal  tension  failures,  and  therefore  bond  resistance 
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of  stirrups  may  be  considered  a  critical  stress.  If  we  omit  special 
conditions  like  poor  concrete,  exposed  stirrups,  and  unsymmet- 
rical  loading  the  following  statements  of  stresses  calculated  by  the 
methods  already  described  may  be  made.  The  1907  tests  with 
longitudinal  reinforcement  of  plain  round  rods  and  with  smooth 
stirrups  gave  values  of  the  vertical  shearing  stress  v  ranging  from 
154  to  203  lb.  per  sq.  in.  and  bond  values  in  the  longitudinal  rein- 
forcement from  196  to  230  lb.  per  sq.  in.  The  calculated  tensile 
stress  in  the  stirrups  ranged  from  15  000  to  52  000  lb.  per  sq.  in., 
and  the  calculated  bond  in  the  stirrups  from  326  to  443  lb.  per  sq. 
in.  With  deformed  bars  as  longitudinal  reinforcement  and  with 
smooth  stirrups,  the  vertical  shearing  stress  v  developed  was  208, 
216  and  336  lb.  per  sq.  in.  and  the  bond  developed  in  the  longitu- 
dinal bars  208,  216  and  336  lb.  per  sq.  in.  The  calculated  stress 
in  the  stirrups  ranged  from  21  600  to  36  500  lb.  per  sq.  in.,  and  the 
bond  developed  in  the  stirrups  563  lb.  per  sq.  in.  Where  bent 
stirrups  were  used,  the  value  of  the  vertical  shearing  stress  v  was 
246  and  224  lb.  per  sq.  in.,  the  bond  developed  in  the  longitudinal 
bars  246  and  224  lb.  per  sq.  in.,  and  the  bond  in  the  stirrups  834 
and  760  lb.  per  sq.  in.  In  beams  with  stirrups  made  of  corrugated 
bars,  the  vertical  shearing  stress  developed  ranged  from  170  to 
328  lb.  per  sq.  in.,  the  calculated  tensile  stress  in  the  stirrups 
reached  104000  lb.  per  sq.  in.,  and  the  bond  1088  lb.  per  sq.  in. 

In  the  1908  tests,  in  beams  with  plain  longitudinal  reinforcement 
and  with  smooth  stirrups  the  vertical  shearing  stress  developed 
was  166  to  292  lb.  per  sq.  in.  and  the  bond  in  the  longitudinal  bars 
188  to  296  lb.  per  sq.  in.  Calculations  give  a  tensile  stress  as 
high  as  48  000  lb.  per  sq.  in.,  and  bond  stresses  of  351  to  618  lb. 
per  sq.  in.,  in  the  stirrups.  In  the  beam  with  corrugated  stirrups 
the  vertical  shearing  stress  developed  was  200  lb.  per  sq.  in.,  and 
in  the  beam  having  two  longitudinal  bars  bent  up  at  one  end  and 
having  corrugated  stirrups  at  the  other,  2001b.  per  sq.  in.  vertical 
shearing  stress  was  developed  and  423  lb.  per  sq.  in.  bond  stress 
in  the  stirrups.  In  No.  243.3,  having  longitudinal  reinforcement  of 
deformed  bars  and  smooth  stirrups,  the  vertical  shearing  stress 
was  260  lb.  per  sq.  in.  and  the  bond  stress  in  the  stirrups  880  lb. 
per  sq.  in.  The  1908  beams  were  mnde  of  somewhat  better  con- 
crete and  the  results  with  the  smooth  stirrups  are  as  high  as  are 
to  be  expected.     No.  240.1  (with  nuts  and  washers  on  the  ends  of 
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the  longitudinal  reinforcement)  gave  a  vertical  shearing  stress  of 
270  lb.  per  sq.  in.,  which  is  higher  than  the  results  of  similar 
beams  without  anchorage.  Stirrups  with  bent-in  ends  have  many 
advantages.  Much  may  be  said,  also,  in  favor  of  deformed  bars 
for  stirrups,  though  of  course  it  is  plain  that  mild  steel  is  best  for 
this  purpose.  Attention  is  called  to  the  fact  that  a  value  of  296 
lb.  per  sq.  in.  for  the  calculated  bond  resistance  with  plain  round 
rods  as  longitudinal  reinforcement  was  obtained  in  one  beam. 

38.  Effect  of  Poor  Concrete.— Beams  No.  235.1,  235.2,  235.5  and 
235.6,  made  of  1-5-10  concrete,  were  tested  to  study  the  effective- 
ness of  stirrups  with  poor  concrete.  The  results  vary  greatly. 
No.  235.2  sustained  a  fair  load,  but  No.  235.5  which  gave 
evidence  of  very  poor  concrete,  proved  to  be  very  weak.  It  is 
evident  that  after  the  concrete  begins  to  crack  badly  through 
diagonal  tension,  the  stirrups  are  ineffective  in  giving  web 
strength.  There  was  no  evidence  of  slip  of  stirrups  in  these 
beams. 

It  was  also  evident  in  beams  of  1-2-4  mix  that  quality  of  con- 
crete affects  the  effectiveness  of  stirrups.  In  sets  containing  the 
same  arrangement  of  reinforcing,  the  higher  values  obtained  are 
in  beams  of  stronger  concrete,  as  shown  by  the  appearance  of  the 
concrete  or  by  auxiliary  tests. 

However,  even  with  the  very  lean  mixtures  the  failure  of  the 
beam  was  slow  and  quite  in  contrast  with  the  failures  of  beams  of 
the  same  mixture  not  provided  with  web  reinforcement, 

39.  Effect  of  Unsymmetrical  Loading. — Beams  No.  229.1,  229.2, 
229.5  and  229.8  were  made  with  stirrups  in  one  end  of  the  beam 
but  with  none  in  the  other,  and  the  first  three  were  tested  with  a 
single  concentrated  load  applied  at  2  feet  from  the  support  next 
to  the  end  having  stirrups.  This  arrangement  was  planned  to 
learn  the  effect  of  unsymmetrical  loading  on  beams  without  web 
reinforcement,  as  when  a  concentrated  load  is  placed  at  one  end 
of  the  beam  and  there  are  no  stirrups  in  the  middle  portion,  and 
also  to  get  information  on  the  action  of  beams  with  web  reinforce- 
ment and  unsymmetrical  loading.  No  failures  occurred  at  the 
middle  or  at  the  end  not  having  stirrups,  although  the  stresses 
developed  (one-half  of  the  vertical  shearing  stress  given  in  the 
table)  in  the  middle  and  unstirruped  end  of  the  beam  ranged  as 
high  as  those  found  at  failure  in  the  series  without  web  reinforce- 
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ment.  It  seems  evident  that  concentrated,  unsymmetrical  load- 
ing gives  results  comparable  with  those  found  by  symmetrical 
loading. 

In  Beam  No.  229.8  the  end  which  was  not  provided  with  stir- 
rups had  instead  two  bars  bent  up  as  shown  in  Fig.  18.  Failure 
occurred  near  one  stirrup,  the  crack  being  nearly  vertical.  As 
this  was  rich  concrete,  and  the  concrete  did  not  break  up,  and  as 
the  stresses  in  the  stirrups  were  small,  it  would  seem  as  if  slip  of 
longitudinals  may  have  contributed  to  failure.  It  is  classed,  how- 
ever, as  a  diagonal  tension  failure.  In  this  beam  the  web  resist- 
ance given  by  stirrups  and  by  bent  rods  appears  to  be  nearly  the 
same. 

40.  Proportioning  of  Stirrups. — It  is  evident  that  some  form 
of  web  reinforcement  may  well  be  used  whenever  the  value  of  the 
vertical  shearing  stress  under  working  conditions  is  more  than 
one-third  or  one-fourth  of  the  values  given  on  page  46  for  the 
quality  of  concrete  assured  by  the  conditions  of  construction,  and 
also  in  beams  developing  even  lower  stresses  if  there  is  an  uncer- 
tainty in  the  web  strength  or  in  the  quality  of  concrete  or  if  the 
method  of  applying  the  load  or  the  nature  of  the  structure  makes 
such  a  safeguard  desirable.  The  effectiveness  of  stirrups  in  pro- 
viding additional  web  resistance  is  brought  out  in  the  tests.  The 
insurance  of  slow  failure  given  by  stirrups  is  itself  an  advantage. 
The  spacing  of  the  stirrups  should  not  be  more  than  three-quart- 
ers or  eight- tenths  of  the  depth  of  the  beam. 

From  the  tests  and  discussion,  it  appears  that  as  a  tentative 
method  it  is  allowable  to  consider  that  for  good  concrete  one- 
third  of  the  vertical  shear  is  carried  through  the  concrete  in  the 
upper  part  of  the  beam  and  two-thirds  go  to  produce  stresses  in 
the  stirrups.  Using  then,  two-thirds  of  the  total  vertical  shear 
as  the  I7 of  equation  (21),  p.  18,  the  ordinary  working  stresses  for 
tension  and  bond  may  be  used  in  the  calculations  for  stirrups. 
With  these  assumptions,  a  length  equal  to  six-tenths  of  the  depth 
of  the  beam  may  be  used  in  the  calculations  for  bond. 

Even  for  well  proportioned  web  reinforcement  the  use  of  high 
values  of  v  is  to  be  discouraged,  and  strengths  should  not  be 
accepted  unless  tests  of  the  same  class  of  beams  made  under  the 
same  conditions  of  construction  give  correspondingly  high 
strengths.     It  may  be  expected,  too,  from  analogy  to  the  results  in 
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beams  without  web  reinforcement,  that  when  stirrups  are  used, 
stiff  beams  may  be  counted  on  better  to  resist  web  stresses  than 
those  with  lighter  reinforcement. 

Tests  with  a  combination  of  stirrups  and  of  bending  up  of 
part  of  the  reinforcing  bars  were  not  made  but  it  is  evident  that 
such  an  arrangement,  say  to  bend  up  one-half  of  the  bars,  gives 
added  web  resistance.  The  proportion  of  the  diagonal  tension 
taken  by  the  bent-up  bars  and  by  the  stirrups  can  not  be  calcu- 
lated. In  such  cases  the  bond  developed  in  the  longitudinal  rein- 
forcement should  be  taken  into  consideration  and  it  is  quite  pos- 
sible that  the  bond  resistance  obtained  with  deformed  or  anchored 
bars  may  be  advantageous.  There  is  need  of  experimental  work 
along  these  lines. 

41.  Web  Reinforcement  of  Expanded  Metal. — It  was  not 
expected  that  Beams  No.  271.5  and  271.6  would  carry  higher  loads 
than  beams  without  web  reinforcement,  since  the  amount  of  mate- 
rial in  the  web  was  quite  inadequate  for  web  stresses  and  since 
the  metal  was  not  well  placed.  The  beams  are  included  in  the 
list,  however,  as  an  example  of  the  inefficient  web  reinforcement 
which  has  been  proposed  or  used  without  either  experimental  or 
analytical  verification  of  its  value. 

D.       GENERAL    COMMENTS   ON   WEB    RESISTANCE 

42.  General  Comments, — No  effort  will  be  made  to  review  the 
discussion  or  summarize  results,  but  a  few  general  statements 
may  be  made. 

Failures  by  diagonal  tension  in  beams  without  web  reinforce- 
ment are  especially  objectionable,  since,  as  in  the  case  of  tension 
tests  of  concrete,  the  failure  may  occur  without  warning. 
Besides,  although  the  effect  of  repeating  the  application  of  the  load 
after  a  diagonal  crack  has  formed  has  not  been  established,  final 
failure  undoubtedly  will  occur  after  many  applications  at  a  load 
much  lower  than  that  which  would  cause  failure  on  first  appli- 
cation. 

In  beams  without  web  reinforcement,  web  resistance  depends 
upon  the  quality  and  strength  of  the  concrete.  Cement  makes  a 
simple  and  effective  strengthening  agent.  The  effect  of  quality 
and  strength  of  concrete  is  very  marked.  Even  where  web  rein- 
forcement is  used,  quality  of  concrete  is  an  important  element. 
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The  stiffer  the  beam  the  larger  the  vertical  shearing  stress 
which  may  be  developed.  Short,  deep  beams  give  higher  results 
than  long,  slender  ones,  and  beams  with  a  high  percentage  of 
reinforcement  than  beams  with  a  small  amount  of  metal.  This 
difference  may  be  due  to  the  relation  of  diagonal  tension  to  shear- 
ing stress,  to  the  difference  in  opportunity  for  formation  of  verti- 
cal tension  cracks,  or  to  such  a  cause  as  a  difference  in  amount  of 
distortion  of  section. 

As  beams  ordinarily  have  less  than  \°/o  reinforcement,  the  web 
strength  of  such  beams  may  be  expected  to  be  less  than  that  of 
the  beams  herein  described. 

There  is  a  considerable  increase  of  web  strength  at  the  earlier 
ages,  but  not  much  additional  web  strength  may  be  counted  on 
under  laboratory  conditions  after  60  days.  Care  should  be  exer- 
cised that  ample  time  is  given  for  beams  to  acquire  sufficient  web 
strength  before  loads  are  applied. 

The  loads  carried  by  beams  with  all  bars  bent  up  or  inclined 
in  the  outer  thirds  of  their  length  did  not  differ  much  from  those 
with  the  bars  all  straight,  but  the  failure  is  slower  and  warning  is 
given.  The  formation  of  a  vertical  crack  and  the  splitting  of  the 
concrete  along  the  inclined  part  of  the  bar  are  characteristic  of 
the  failures. 

Beams  with  inclined  bars  firmly  anchored  at  their  ends  gave 
high  web  resistance  and  showed  indications  of  arch  action.  This 
form  of  construction  seems  to  give  insurance  against  failure  at 
low  loads  through  defective  concrete  or  insufficient  bond. 

The  arrangement  of  bending  up  part  of  the  bars  and  leaving 
part  straight  developed  a  good  web  strength  and  secured  slow 
failures.  This  method  will  be  particularly  satisfactory  when  the 
number  of  bars  is  large  enough  to  permit  the  spacing  of  the 
inclined  bars  at  frequent  intervals  through  the  part  of  the  beam 
where  high  web  resistance  is  needed.  A  proper  distribution  of 
the  diagonals  is  important. 

The  Cummings'  reinforcement  gave  high  web  strength.  The 
distribution  of  the  diagonals  fills  the  requirements  above  men- 
tioned, a  lateral  connection  is  provided,  and  the  main  bars  are 
carried  to  the  end  of  the  beam. 

Beams  provided  with  U-shaped  stirrups  which  passed  under 
straight  reinforcing  bars  generally  gave  high  web  resistance,  and 
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slow  failures  were  characteristic  of  the  tests.  The  importance  of 
quality  of  concrete  is  also  apparent  in  these  tests.  Adequate 
bond  resistance  is  essential.  The  amount  of  web  resistance  which 
may  be  developed  even  with  carefully  arranged  stirrups  is  limited, 
the  limit  depending  upon  the  quality  of  the  concrete. 

Stirrups  do  not  come  into  action,  at  least  not  to  any  great 
extent,  until  a  diagonal  crack  has  formed.  After  such  a  crack 
has  formed,  the  stirrups  will  take  stress  from  the  beginning  on 
a  second  application  of  the  load. 

The  tests  and  calculations  go  to  show  that  under  the  max- 
imum loads  applied  to  the  beams  the  stirrups  are  not  stressed  to 
an  amount  necessary  to  take  the  entire  vertical  shear.  The  use 
of  a  fractional  part  of  the  total  vertical  shear  like  two-thirds  for 
application  in  the  formulas  seems  to  be  warranted. 

Considerable  variation  in  results  in  beams  of  the  same  make- 
up was  found.  This  is  to  be  expected  in  web  resistance.  An 
even  greater  variation  is  probable  under  conditions  of  practice. 

Low  working  stresses  in  web  resistance  are  to  be  commended 
and  ample  provision  for  web  strength  should  be  made. 
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Fig.  19.    Load -Deflection  Diagrams. 
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Fig.  20.    Load-Deflection  Diagrams. 
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Fj<;.  22.    Load-Deflection  Diagrams. 
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Engineering  Experiment  Station.  A  department  organized 
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